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PIEDMONT FOREST TREE SPECIES 
LIGHT AND WATER IN RELATION TO GROWTH AND COMPETITION OF 


INTRODUCTION 


The difficulty of regenerating pine stands is a 
serious forestry problem in the Piedmont. In this 
region the natural course of succession is from pine 
communities to climax hardwood types. Pine seed- 
lings do not become established under closed stands 
while several species of hardwoods do. Cutting of 
pine usually releases understory hardwoods which 
then quickly outgrow the pine seedlings. 

The natural course of succession from old fields to 
climax, hardwood forest in the Piedmont has been 
studied by Billings (1938) and by Oosting (1942). 
Andropogon is dominant on abandoned fields and may 
be overtopped by either loblolly pine or shortleaf 
pine by the fifth year. In 10 to 15 years closed 
stands of pine are common. The understory of 
young pine stands is composed invariably of hard- 
woods and pine is naturally thinned out as it reaches 
overmaturity in 70 to 80 years. 

If we understand why pine seedlings do not be- 
eome established under forest stands where hard- 
woods thrive we would know better how to counteract 
the natural trends of succession. In order to survive, 
seedlings must be able to absorb enough moisture and 
mineral elements and to produce enough carbohydrates 
for growth. If differences in respect to rates of 
physiological processes occur between pine and hard- 
wood seedlings subjected to low light intensity and 
low soil moisture they may explain the differences in 
survival. 

It was therefore planned tc study effects of shad- 
ing and of low soil moisture on photosynthesis, tran- 
spiration, and growth of pine and hardwood seedlings. 

This paper is a condensation of a thesis submitted 
in partial fulfillment of the requirements for the de- 
gree of Doctor of Philosophy in the Graduate School 
of Arts and Sciences of Duke University, June, 1947. 

The author acknowledges the counsel of Dr. Paul 
J. Kramer of the Department of Botany of Duke 
University who suggested this study, rendered much 
stimulating guidance throughout its progress, and 
critically reviewed the manuscript. Professor F. X. 
Schumacher of the faculty of the School of Forestry 
of Duke University advised the author in statistical 
techniques and reviewed the manuscript. Dr. J. P. 
Decker of the Department of Forest Botany and 
Pathology, New York State College of Forestry at 
Syracuse University, rendered invaluable assistance 
in advising the avthor in techniques of photosyn- 
thetic measurements. The cooperation of Dr. C. F. 
Korstian, Dean of the Duke University School of 
Forestry in procurement of materials, is acknowl- 


edged. Generous assistance was received from Mr. 
W. S. Clark and Mr. Jesse Miller. 


REVIEW OF LITERATURE 


Until the pioneer work of Fricke (1904) great em- 
phasis was put on crown competition for light in 
studies of competition in forest stands. Prior to 
that time the influence of Heyer (1852), who 
strongly emphasized light relations, produced a philos- 
ophy which defined soil moisture as an environmental 
factor of distinctly secondary importance. Fricke 
surrounded areas under the canopy of large trees 
with a trench. These areas had no large stems in 
them. Roots of larger trees were severed and the 
enclosed areas were freed of root competition. The 
work was done in stands of Scotch pine and white 
fir. The first summer after trenching there was a 
luxuriant growth of woody and herbaceous vegetation 
on the trenched plots but untrenched plots remained 
free of vegetation. Soil moisture was higher in the 
trenched plots and Fricke thus assigned a great im- 
portance to the role or soil moisture in competition. 

Cieslar in 1909 corroborated part of the work of 
Fricke by finding the soil moisture content of trenched 
plots greater than that of plots which had not been 
trenched, but he stated that the extra moisture alone 
was not sufficient to produce establishment under a 
full stand because additional light was necessary. 

In Maine, Moore (1926) established seed spots in 
dense shade and in small openings in four forest 
types. He sowed seed of Norway and northern white 
pines and white and red spruces in prepared spots. 
Survival was poor for all species in the shade. Seed- 
ling growth and vigor were in every case markedly 
better in the small openings. 

Fabricius (1927) worked with trenched plots in 
forest stands and concluded that removal of soil 
moisture and shading both have a marked influence 
on growth. The magnitude of effect of removal of a 
factor identifies its relative importance. He differ- 
entiated between species which were more sensitive 
to water than to light and those more sensitive to 
light than to water. He reported that larch, Seotch 
pine, and beech suffered severely in half shade dur- 
ing the first two years. Oak and beech suffered less 
than others from root competition. The water influ- 
ence was apparently more important with larch, 
Scotch pine, and fir. 

Bates and Roeser (1928) grew several species of 
western conifers under varying conditions of artificial 
light. They concluded that photosynthetic rates vary 
markedly among species. Redwood had a minimum 
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light requirement of less than 0.75 percent intensity. 
Engelmann spruce and Douglas fir required approxi- 
mately twice as much light for appreciable growth. 
The pines required three to four times as much light 
as redwood. Bates and Roeser concluded that in- 
sufficient food for the roots left seedlings with inad- 
equate root systems for survival in the dry soil 
normal at the close of a growing season. 

Shirley (1929) found that in forests the range of 
light intensities often varies from 0.1 to 20 percent 
of full daylight. He showed that a number of species 
of plants are able to survive for several months at 
low light intensities, but none of those used were 
able to make any appreciable increase in dry weight. 
Increase in dry matter produced by plants was in 
almost direct proportion to the light intensity re- 
ceived. He concluded that the low light intensities 
occurring in forests may support growth for some 
time but are too low to insure survival because they 
result in poor root development, failure to harden 
tissue, and inability to produce a food reserve under 
these intensities. 

Grasovsky (1929) found that white pine, red pine, 
hemlock, red oak, and chestnut survived for ten 
months under a light intensity that was not over 300 
foot candles at any time during the period. Only a 
moderate increase in intensity over the minimum re- 
quirement was necessary to maintain growth. After 
this increase the effect of added light intensity on 
growth was not proportional to the added light. His 
general conclusion was that light is not the factor 
determining presence or absence of reproduction in 
fully stocked forest. 

Craib (1929) found that soils in the open con- 
tained considerably more moisture during dry periods 
than forest soils. The difference was greatest in the 
upper soil layers and became progressively less with 
increase in depth. The amount of available soil 
moisture in a forest was greatly decreased by removal 
of root competition. During periods of extreme dry- 
ness there was from 2 to 9 times as much available 
moisture in the first six inches of soil in the trenched 
quadrats as there was in the untrenched check plots. 
Craib concluded that trenching illustrates the signif- 
icance of root competition in eliminating lesser vege- 
tation from the forest floor of a fully stocked stand. 
Pearson (1929), however, questioned the usefulness 
of trenched plots in adequately evaluating the light- 
moisture relationship. 

Daubenmire (1930) attributed the presence of 
forest floor vegetation in a beech-maple forest and 
absence of such vegetation in a hemlock forest pri- 
marily to the greater amount of available soil mois- 
ture in the former. 

Pearson (1930) worked with trenched plots and 
shading in the Southwest. His findings did not sup- 
port the conclusions of research workers who regard 
soil moisture as a major factor in competition. He 
reported that in the lower, warmer zones of the 
western yellow pine type, shade is less detrimental 
than root competition, but in upper, colder zones the 
Where trees were in groups 


relation is reversed. 
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shade was more likely to become harmful than where 
they were more or less evenly distributed. In very 
low light intensities and adequate moisture all south- 
western species tended to assume a slender and weak 
form. Pearson pointed out the possibility that under 
some conditions moisture is a more critical factor than 
solar radiation but under other conditions the reverse 
may be true. He proposed that efforts be made to 
determine the place of each factor in a given environ- 
ment. 

Gast (1930) found that leader growth of white 
pine appeared to be directly proportional to radiation, 
up to full light intensity. Average leader growth of 
white pine 11 years old under a canopy transmitting 
27 percent light was only 2 inches per year and 
showed little increase with increasing age of trees. 

Shirley (1932) stated that both establishment and 
growth of young pines in a virgin Norway pine stand 
are definitely correlated with light intensity. The fact 
that white pine attained maximum height at lower 
intensities than Norway pine, and Norway pine at 
lower intensities than jack pine indicates that white 
pine is the most tolerant of shade and jack pine is 
the least. He concluded that light intensities com- 
monly prevailing in virgin stands of Norway pine 
were not likely to be too low for the establishment of 
reproduction. Understories of hazelnut and other 
shrubs, however, which reduced light to less than 5 
pereent excluded coniferous seedlings. 

Korstian and Coile (1938) studied competition in 
the Duke Forest in trenched and control plots. Mil- 
acre plots were established in 1932 in seven forest 
stands of various ages and species on several soil 
types. Observations were made each year after estab- 
lishment through 1936. Measurements of light in- 
tensity were similar for trenched and control plots. 
With but few exceptions the soil of the trenched 
plots contained significantly greater amounts of mois- 
ture than corresponding control plots in periods of 
moisture stress during the growing season. In the 
trenched plots there was an increase in number of 
individuals, number of species, and general luxuri- 
ance of vegetation. Establishment and growth of tree 
reproduction was better on most of the trenched plots 
than on paired control plots. The authors concluded 
that competition for soil moisture was a highly sig- 
nificant factor in the Piedmont plateau. 

Olmsted (1941) reported that in an oak-maple 
forest in Wisconsin, populations of herbaceous plants 
and survival and growth of maple seedlings, even 
during the drought year of 1936, showed no signifi- 
cant relation to root competition, but the limiting 
effect of light intensity was clearly evident. 

Kramer and Decker (1944) compared apparent 
photosynthetic rates of loblolly pine, eastern red oak, 
white oak, and dogwood over a range of light inten- 
sities varying from 300 to 9,300 foot candles. They 
found that photosynthesis of loblolly pine increased 
with light intensity up to the highest intensity used 
which approximated that of full sun on a bright day 
in North Carolina. In contrast to pine, photosyn- 
thetic rates of the three hardwood species reached a 
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maximum at one-third or less of full sunlight and 
possibly showed very slight decreases at the higher 
light intensities. They concluded that a lack of suffi- 
cient light for maximum photosynthesis may be a 
significant factor in failure of pine seedlings to 


become established under a forest canopy in the 
Piedmont. Pine seedlings appear to be unable to 


manufacture enough food in the shade to develop 
sufficiently extensive root systems for water absorp- 
tion during periods of drought. The greater photo- 
synthetic efficiency of hardwood seedlings in shade 
enables them to develop more extensive root systems 
which in turn enable them to survive drought. 

Buell and Gordon (1945) studied the water and 
light factor in a hardwood-conifer contact zone in 
Minnesota. They found a substantial increase in soil 
moisture due to trenching. Despite this increase they 
reported that there was no evidence of maple- 
basswood reproduction and ground cover invading 
the trenched plots in the spruce-fir forest or the 
spruce-fir end of their elongated plot across the con- 
tact zone. They concluded that the positive corre- 
lation between the amount of ground cover and the 
percentage of light transmitted by the canopy com- 
prised evidence that light is the factor limiting the 
advance of the hardwood community into the spruce- 
fir zone. Light penetration of less than 5 percent 
which was characteristic of the fir canopy prevented 
maple-basswood reproduction and ground cover from 
invading spruce-fir. 

In the Lake States, Shirley (1945) studied com- 
petition by means of experiments designed to test 
below ground and above ground factors. Experiments 
with artificial shade in a nursery indicated that at 
least 20 percent light ‘is necessary for satisfactory 
establishment and growth of seedlings of red pine, 
white pine, jack pine, and white spruce. White pine 
and jack pine attained maximum dry weight in 43 
and 46 percent light, respectively, red pine and white 
spruce in 98 percent light. Growth of the same four 
species of conifers was. studied in three aspen plots 
where they were exposed to different degrees of com- 
petition of the overstory and understory vegetation. 
Germination, first year seedling survival, growth in 
height of transplants, dry weight of seedlings and 
transplants were all increased with increased light 
intensity. With all species the greatest response in 
growth, as measured by total dry weight, followed 
removal of competition ‘of the undervegetation. Sur- 
vival of transplants,‘ dry weight of seedlings and 
transplants, growth in height, and root development 
were greatest in trenched quadrats, followed in order 
by untrenched, control,’ and burned quadrats. An 
experiment similar to that in aspen was carried out 
in jack pine. Germination and survival of seedlings 
were better when there was greater shade in the 
overstory. Increasing light intensity resulted in in- 
creased height, dry weight, and stockiness of such 
seedlings as survived. 

In red pine stands adequate pine reproduction was 
infrequent where the light intensity was less than 15 
pereent. Growth was found to increase with increas- 
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ing light up to 60 percent. In all types of stands 
studied the success of coniferous reproduction was 
dependent chiefly upon the absence of intense com- 
petition of the subordinate vegetation. Shirley con- 
cluded that either shade or root competition may be 
limiting factors in the growth of young conifers. 
Shade is likely to be the more important factor under 
the secondary canopies in aspen stands; root com- 
petition the more important among low shrubs, grass 
and other herbs beneath stands of red and jack pines. 
Despite several droughts, survival beneath aspen, red 
pine, and jack pine canopies was more dependent 
on light intensity than root competition. 

Oosting and Kramer (1946) studied light and soil 
moisture conditions in transects extending from open 
fields into adjoining shortleaf pine stands. Pine seed- 
lings were established by natural seeding in a fringe 
along the margins of these stands but were not estab- 
lished within the stands themselves. They found that 
the available soil moisture was lowest at the margins 
and increased toward both the open fields and slightly 
toward the interior of the forest. Light intensity, 
as measured with a Weston illuminometer, averaged 
16.9 pereent of full sunlight at the margin and 
values in the interior averaged 5.9 percent. They 
concluded that the differential survival of pine repro- 
duction at the margins and in the stands is related 
to differences in light intensity rather than to dif- 
ferences in soil moisture. They stated that the mar- 
ginal pines are probably able to carry on more 
photosynthesis and hence are able to develop more 
extensive root systems and survive drought better 
than those in the forest. 


EKFFECTS OF SHADING ON APPARENT 
PHOTOSYNTHESIS AND A COMPARI- 
SON OF PHOTOSYNTHETIC EFFI- 
CIENCY OF PINE AND OAK 
SEEDLINGS 


METHODS 

The method used for the measurement of photosyn- 
thetic rates was that first suggested by Kreusler 
(1885) and since used by a number of workers. The 
change in COy concentration of an air stream pass- 
ing through a vessel in which a plant is enclosed is 
taken as a measure of the photosynthetic or respira- 
tory activity of the plant. A decrease in conecentra- 
tion is taken ,as a measure of CO, or apparent 
photosynthesis. 

The apparatus used was that described by Decker 
(1944, 1947). Absorption of CO, was determined 
by: a .conductivity method. Experimentation 
carried on with this apparatus in 1942 and 1946. In 
1942, 100 ml. of 0.02 N. NaOH were used as a 
charge for the absorbent towers. In 1946 50 
of 0.0055 N. NaOH were used as a charge in 
smaller absorbent towers. Also in 1946, instead of 
wet: test gas meters, calibrated butyl phthalate flow- 
meters of the type described by Gilbert and Shive 
(1941) were used to measure the volume of air sam- 
Air for analysis was drawn from 


was 


ml. 


ples analyzed. 
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shoot chambers at a constant rate of 0.55 liters per 
minute. Total air flow through the chambers was 
controlled by a separate air line and a calibrated 
butyl phthalate flowmeter. Air could be supplied 
to each chamber at a maximum rate of 10.5 liters 
per minute. During all runs the absorbent towers 
were immersed in a water bath maintained at a 
constant temperature of 30° C + three hundredths 
of a degree. 
CALIBRATION OF APPARATUS 

Conductivity of the absorbent solution varied with 
the amount of carbonates in it. It was necessary to 
establish the relationship between conductivity and the 
amount of CO, in the absorbent solution for each 


tower. For the experiments of 1942, a solution of 
sodium carbonate was made up, containing 0.44 


grams of CO. per liter, or 0.44 milligrams of CO, 
per milliliter of solution. Equal sample amounts of 
this solution were placed in each of three 250 ml. 
widemouth Erlenmeyer flasks and a stream of carbon 
dioxide-free air was passed through these solutions 
and through the absorbent towers which had been 
charged with 100 ml. of 0.02 N. NaOH. A resistance 
reading in ohms was taken at the beginning of this 
run. Dilute sulfuric acid was placed in separatory 
funnels attached over the flasks containing the sodium 
carbonate solutions. An excess of acid was released 
into the solution and the released CO, was carried 
off by the CO.-free air stream and taken up by the 
absorbent solution in the towers. When all the re- 
leased CO, was absorbed by the NaOH solution, an- 
other resistance reading was taken. The relationship 
between the amount of CO, in the absorbent solution 
and the difference in resistance was a linear one for 
the range used. A regression analysis was made for 
each of the towers, using the amount of CO, in 
milliliters in the absorbent solution as the independent 
variable and the difference in conductivity as the de- 
pendent variable. For a constant flow of air the 
time necessary for complete removal of all CO. from 
the flask varied with the amount of solution used. 
Platinum electrodes were used to measure changes 
in conductivity of the absorbent solution. Flat elec- 
trodes were constructed from platinum foil about 
0.08 mm. thick and 1 em. square welded on a short 
piece of platinum wire which was fused into the end 
of a glass tube. Two such glass tubes were attached 
parallel to an absorption tower and joined to the 
tower at the base so the electrodes projected into 
the absorbent solution in the bottom of the tower. 
A small amount of mercury was placed in the bot- 
tom of each glass tube to make contact and a copper 
wire was immersed in the mercury to continue the 
circuit. Wires leading from each of the three towers 
were connected to a conductivity bridge. The plati- 
num electrodes were cleaned in a solution of equal 
parts of nitric acid and distilled water and were 
platinized in a solution of platinic chloride according 
to the methods of Clark (1928). The conductivity 
bridge used was the cathode ray type, manufactured 
by Industrial Instruments, Jersey City. 
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For the experiments of 1946 a different method of 
calibration was used.! A spirometer having a capac- 
ity of approximately 46 liters of air was filled over 
water with outdoor air drawn from the height of the 
Biology building. The air sampling tubes for the 
three towers were disconnected from the large photo- 
synthesis chamber and connected to the spirometer 
so that, for the purpose of calibration, homogeneous, 
mixed air of approximately constant CO, content 
was used. The absorption towers were charged with 
NaOH. CO,-free air was bubbled through the tow- 
ers to bring the solution up to the water bath tem- 


perature. An initial resistance reading was taken at 
the end of 5 minutes. CO,-free air was bubbled 


through the towers just long enough to adjust the 
height of the column of the sampling flowmeter. Air 
containing CO. was then drawn from the spirometer 
for 10 minutes. CO.-free air was again drawn 
through the flowmeter and into the towers for 2 
minutes. This was necessary to clear the lines be- 
tween the flowmeters and the towers of air which 
contained CO,. A final resistance reading was taken. 
Additional runs were made and conductivity readings 
taken at 15, 20, and 25 minutes. The entire process 
was repeated. 

When the runs were completed the solutions were 
withdrawn from the towers and towers washed down. 
An excess of BaCl, was added to the solution and 
the carbonate precipitate as BaCO.,.. The amount of 
NaOH remaining was determined by titration with 
HCl and from this the amount of absorbed CO. was 
caleulated. 

Occasional checks were made of the calibration and 
efficiency of the apparatus. The air sampling lines 
were disconnected from the shoot chambers and air 
was drawn from the large chamber for all three 
towers. Since the sample was the same, the amount 
of CO, in the towers after a run was presumably 
the same and readings for all towers should have been 
of similar order if the calibration held. The results 
of eleven such checks on the apparatus are indicated 
in Table 1. 

The calibration method used in 1942 was useful 
and established the linearity of the relationship be- 
tween resistance and amount of CO, absorbed for 
the range used. This had previously also been indi- 
cated as a result of the work of Waugh (1937). The 
spirometer method used in 1946 is faster and more 
easily handled. It does not require the very careful 
measurements and preparation of solutions that the 
first method does. With the spirometer method the 
flow of air into the absorbent towers is controlled by 
a common valve and there is less danger of treating 
the towers differently. In the 1942 method individual 
flasks are connected to each tower and are filled 
separately. CO, from them also is released separately 
and this might produce a different error for each 
tower. The spirometer method is preferred since it 
is more easily handled, saves time, and probably pre- 
sents less opportunity for error. 

Suggested in a personal communi 


1 Decker, J. P. 1£46. 


cation. 














July, 1949 


TABLE 1. Efficiency of the Decker photosynthesis ap- 
paratus and results of measurements of CO, with air 
sampling tubes drawing samples from large chamber 
simultaneously. 
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STANDARD PROCEDURE FOR DETERMINATION OF 
PHOTOSYNTHESIS 

The towers were charged with NaOH from an 
18-liter reservoir by automatic-filling pipettes fitted 
in place over the towers. CO ,-free air was drawn 
through the towers for 5 minutes to agitate the ab- 
sorbent solution and bring it uniformly to the tem- 
perature of the water bath in which the towers were 
immersed. At the end of 5 minutes the towers were 
by-passed and an initial resistance reading was taken 
in ohms. Three-way stop cocks controlling CO.-free 
and normal air samples were switched by a common 
handle so that two normal samples of air were being 


drawn simultaneously from the two small plant 
chambers and one from the large chamber. A timed 
determination of photosynthesis was made. At the 


conclusion of the run, CO,-free air was again bubbled 
through the towers for 2 minutes to force all the 
CO, between the meters and towers through the 
absorbent solution. Towers were then by-passed and 
a final resistance reading was taken. All experi- 
mental runs were of 15 minute duration. 


STABILIZATION PERIODS AND Rates or Air FLow 

A test was made to determine the period of time 
necessary for stabilization of the rate of photosyn- 
thesis since the effect of previous runs might confuse 
results if the stabilization period were of long dura- 
tion. Two overeup oak seedlings were exposed to a 
light intensity of 2,300 foot candles for one hour. 
The light intensity was then changed to 9,500 foot 
candles and a half hour stabilization period used. 
Four runs of 13 minutes duration each were made 
at 9,500 foot candles. Thirty minutes ensued between 
starts of consecutive runs. A variance 
cated a statistically real difference between trees but 
no significant differences between runs. It was con- 
cluded, therefore, that a stabilization period of 30 
minutes between runs was adequate to eliminate 
effects of previous runs. Decker (1944) also studied 


analysis indi- 
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stabilization with red and loblolly pines under vary- 
ing conditions of temperature and light. His runs 
were of one hour duration and he reported that his 
first run was a good estimate of the average photo- 
synthetie activity during the subsequent 3 to 5 hours. 
In addition he reported that measurements of respira- 
tion during the first hour following a 15 minute 
stabilization period were good samples of the respira- 
tory activity during the subsequent 2 to 3 hours. 

Decker (1944) has considered the effect of rate of 
air supply on photosynthesis. He found, as did 
Heinicke and Hoffman (1933), that photosynthesis is 
retarded when air is supplied at a rate so low that 
more than about 15 percent of atmospheric carbon 
dioxide is removed. In all the experimental work 
air flow was so adjusted that depletion of CO2 con- 
tent did not exceed 15 percent. 

1942 EXPERIMENTATION 
METHODS 

Two-year-old seedlings of loblolly pine and overeup 
oak that had been grown out-of-doors in sealed metal 
buckets at reduced light intensities for most of the 
1942 growing season were used in this experiment. 
Water had been replaced periodically so that soil 
moisture had been readily available to the seedlings 
over the entire growing The experimental 
plants were divided at random into two groups: (1) 
those grown for most of the season at approximately 
1,300 foot candles and (2) those grown for most of 
the season at 6,000 foot candles. Photosynthetic 
measurements were taken in a 4 x 4 Latin square as 
described by Fisher (1935). Columns represented 
hours of the day, rows represented plants (and days), 


season. 


and light intensities were distributed within the 
square. The intensities used were 300, 1,300, 6,000, 
and 9,500 foot candles. Each intensity appeared 


once each day. Intensities were controlled by cloth 
and wire screens and were measured with a Weston 
illuminometer in the center of each chamber, 4 inches 
above the base. Two plants, one from each of the 


two light pretreatments, were run simultaneously 
since the apparatus accommodated 2 plants. The 


first day’s runs were made on oak and thereafter pine 
and oak were run on alternate days. Each run was 
of 15 minutes duration and two successive runs were 
made at each light intensity. The accepted value for 
photosynthesis was the mean of two such successive 
observations. A stabilization period of 30 minutes 
was allowed between changes in light intensity. The 
experimental plants were brought in from the field 
for one day and were returned to the out-of-doors as 
soon as measurements of photosynthesis were taken. 

Photosynthetic rates were expressed as mgs. of 
CO. per square decimeter of foliage per hour and 
per gram of oven dry weight of foliage per hour for 
purposes of specics comparisons. Leaf surface areas 
of oak were determined with the photoelectric cell 
method modified and deseribed by Kramer (1937). 
Leaf areas of pine foliage were determined by the 
method described by Kozlowski and Schumacher 
(1943) 
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RESULTS 


An analysis of variance showed that no statistically 
significant difference existed between plants grown in 
sun and in shade when the rate was expressed per 
unit of leaf area or dry weight of leaves. Examina- 
tion of the data indicated that there was considerable 
variation between individuals since some plants had 
about twice the rate of others. 

In discussing the expression of rates of physiolog- 
ical processes per unit of tissue such as dry weight 
or leaf area Kramer and Decker (1944) have pointed 
out that a unit of tissue of one species may not be 
physiologically similar to a unit of tissue of another 
species. This difficulty is involved in comparing pho- 
tosynthetie rates of species having dissimilar leaves, 
such as pine and oak. A comparison which is based 
on percentage of observed maximum considers slope, 
but does not consider absolute rates and in the case 
of pine and hardwoods this is of considerable interest. 
It is conceivable that one species could have a lower 
rate than another when observations are expressed as 
percentage of maximum, at a certain light intensity 
for instance, and yet a higher absolute rate per unit 
of .tissue. Kramer and Decker have shown that dog- 
wood and eastern red oak reach a percentage maxi- 
mum of their respective photosynthetic activities at 
approximately 3,000 foot candles. When the rates 
of these two species were compared per unit of leaf 
surface eastern red oak was found to have about 
twice the rate of dogwood at 3,000 foot candles. A 
differential relationship also held true for all the 
light intensities when comparing these two species on 
a unit area basis. 

While fully recognizing the dissimilarity of pine 
and oak foliage, one cannot overlook the extreme dif- 
ferences in rate of their photosynthetic activities at 
all light intensities. The rates of loblolly pine and 
overcup oak expressed per unit of leaf area per hour 
(Table 2) indicate that at any light intensity tested 
oak earries on photosynthesis at more than 4 times 
the rate that pine does. If this is a valid comparison 
of physiological units of both species it would appear 


TABLE 2. Rate of apparent photosynthesis in milli- 
grams of CO, per square decimeter of foliage per hour. 





PRETREATMENT | |  PrerrReaTMent 2 
Light PLANTS | LANTS 
Intensity in ; f . 
Foot Candles | | 
} 1 2 3 4 1 2/]3 4 


Sums | Means 


| 
| 


Oak | 
300. . 5.17| 6.20) 3.50) 3.75) 6.19) 4.79) 4.36) 3.20) 37.16) 4.645 
1,300. . 7.62\12.50) 5.91) 6.95|10.81) 8.55) 7.78 6.23) 66.35) 8.204 
6,000 11.91/15.91) 6.53) 8.76)13.91)11.27/10.70) 7.06) 86.05/10.756 
9,500 12.96/12.66 6.58/10.64/14.39/10.06/11.37| 8.07) 86.76/10.845 
| 
| 276.32 
Pine 
300... ..| 0.90) 0.62) 0.91) 1.23) 1.20) 1.73) 1.19) 0.82) 8.60) 1.07E 
1,300. ; 1.81) 1.05) 2.21) 2.55) 1.80) 1.59) 2.33) 0.93) 14.27) 1.784 
6,000... 2.54) 0.90) 2.75) 3.51) 2.73) 1.87) 2.66) 1.82) 18.78) 2.348 
9,500. 2.18! 1.07) 2.86) 4.18) 3.25! 2.44 3.08; 2.29| 21.35) 2.669 
63.00 


Pretreatment 1: Grown for most of season at 1,300 foot candles. 
Pretreatment 2: Grown for most of season at 6,000 foct candles. 
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TABLE 3. Rate of apparent photosynthesis in milli- 
grams of CO, per gram of oven dry weight of foliage 
per hour. 

















. |  PReTREATMENT | PRETREATMENT 2 | 
Light | PLANTS PLANTS | 
Intensity in | : c _____| Sums | Means 
Foot Candles | | | | | | 
FS FAS Va Se a WU Se ee | 
Ok | | | | 
300. .......) 9.36/11.56| 6.03) 6.46) $.18) 5.97) 6.82! 4.41] 58.79] 7.349 
1,300... .... ./13.80)23.10)10.17/11.97/14.28/10.65/12.17| 8.49|104.63/13.079 
6,000 _. .|21.56)29.50)11.23/15.07/18.3¢|14.05]16.75| 9.72]136.27/17.034 
9,500... ...../23.54/23.47/11.32)18.31)19.01|12.54)17.79]11.11]137.09]17. 136 
en | | 436.78 
Pine | } | | 
300 .| 2.56] 1.62) 2.66) 3.21] 3.39) 4.75) 2.71] 2.12) 23.02] 2.878 
1,300. . | 5.17) 2.76] 6.45| 6.67 5.06| 4.36) 5.77| 2.40] 38.64) 4.830 
6,000........| 7.24] 2.38) 8.03] 9.18) 7.69) 5.11] 6.61] 4.70] 50.94) 6.368 
9,500. . | 6.23) 2.82 8.38|10.92 9.16) 6.69| 7.63) 3.40 55.23] 6.904 
i | 167.83 


Pretreatment 1: Grown for most of season at 1,300 foot candles. 
Pretreatment 2: Grown for most of season at 6,000 foot candles. 


that oak is more efficient photosynthetically at low 
light intensities than pine is at higher ones. The 
rates of these two species were also calculated on the 
basis of oven dry weight of foliage. On this basis 
oak is also much more efficient photosynthetically than 
pine, although not as much so as it appears to be on 
a leaf area basis. This illustrates the difficulty of 
chosing a unit for comparison since the magnitude 
of the differences varies with the choice of the phys- 
iological unit used. The mean rate for pine at 300 
foot candles was 2.9 milligrams of CO. per gram of 
oven dry weight of foliage while the rate for oak 
was 7.3 milligrams. At full light the rate for lob- 
lolly pine was 6.9 milligrams while that for oak was 
17.1 milligrams. The data indicate that oak has a 
greater capacity for absolute rates of photosynthesis 
at all light intensities than does pine. This is true 
whether dry weight of foliage or leaf area is used 
as a basis of comparison. For a further comparison 
of species it was found that for all runs 1930.48 
milligrams of CO. were absorbed by 109.23 grams 
of dry weight of 8 oak seedlings. The mean CO, 
absorbed per gram was 17.7 milligrams per gram for 
four runs per plant. In pine 1,221.22 milligrams of 
CO, were absorbed by a total dry weight of 139.00 
or 8.8 milligrams per gram. Since pine has a greater 
percentage of its total dry weight in foliage than does 
o «k this comparison further indicates the greater 
photosynthetic efficiency of oak. As shown by Kramer 
and Decker (1944) both eastern red oak and white 
oak have the additional advantage of achieving their 
maximum rates at a low light intensity. 


1946 EXPERIMENTATION 

METHODS 
In order further to test the effect of reduced light 
intensity on the photosynthetic ¢apacity of loblolly 
pine, shade-grown and light-grown, three-year-old 
seedlings were used. The shade-grown seedlings had 
been grown under cheesecloth shades for two seasons. 
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The shades reduced light intensity to about one-third 
of full sun at noon of a bright summer day. Ob- 
servations were taken in a 6 x 6 Latin square in 
which columns represented hours of the diy and rows 
represented plants (and days). Light intensities 
were distributed within the square. Light intensities 
were controlled by cloth, wire, and paper screens and 
the intensities provided with various sereen com- 
bination were measured with a Weston illuminometer 
in the center of each chamber and 8 inches above the 
base. One plant of each of the two light pretreat- 
ments was run simultaneously. Light intensities used 
were 350, 1,500, 4,000, 6,500, 8,400 and 10,000 foot 
candles. 

A similar experiment was conducted separately for 
red maple and yellow poplar but only five light in- 
tensities were used. The intensities were 1,000, 3,250. 
5,450, 7,750 and 10,000 foot candles. 


RESULTS 


Photosynthetic rates of pine were expressed as 
milligrams of CO, per gram of oven-dry weight of 


foliage and a statistical test was made to determine 
whether there were any real pretreatment shading 
effects. 
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LIGHT INTENSIT Y-lOOO FT CANDLES 

Fie. 1. Effect of light intensity on apparent photo- 
ynthesis of loblolly pine, red maple, and yellow poplar. 


n 


An analysis of variance indicated that no real dif- 
ferences could be attributed to the shading pretreat- 
ment alone. A similar test was made for data of 
yellow poplar and no real differences were found. 
Photosynthetic rates of yellow poplar were expressed 
as percentages of the observed maximum and again 
no significant differences were found between shade- 
grown and light-grown groups. The effect of light 
intensity was statistically significant for pine and 
red maple, but not for yellow poplar. In Figure 1 
the data are shown for the three species with photo- 
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synthesis expressed as percentage of the maximum. 
Pine showed a consistent increase in photosynthesis 
with increase in light intensity. This is consistent 
with the findings of Kramer and Decker (1944) al- 
though the level of the pine curve was slightly higher 
than reported by them. Yellow poplar had reached 
a very high percentage of maximum at low light in- 
tensity. Red maple showed a somewhat consistent 
increase although at 3,000 foot candles it had reached 
90 percent of its maximum rate. The yellow poplar 
seedlings had only a few large leaves which did not 
shade each other appreciably and it was not at all 
surprising to note the high percentages at low light 
intensity for that species. 


EFFECTS OF LIGHT INTENSITY ON GROWTH 
OF POTTED PINE AND OAK 
SEEDLINGS 


METHODS 

One-year-old potted seedlings of overeup oak and 
loblolly pine were randomized into 4 groups of 6 
seedlings each. Two groups were comprised of oak 
and two of loblolly pine. Within each species, the 
two groups were further split into (1) a full light 
treatment and (2) a shade treatment. The shade 
treatment was produced by cheesecloth and wire 
sereening so that light was reduced to about one- 
third of the maximum at noon of a bright day. The 








TaBLE 4. Growth data for three-year-old, shade and 

light grown oak. 
| 
HEIGHT IN Oven-pry Werguts in GRAMS Sxoor- 
CeEnrTI- Ne : ee ROOT 
METERS Ratios 
Foliage Stems Roots Plant 
Bee: . Ss eee ese — i— 7 o an 
s* | Lt 8 L s | L s L $ L § | L 
—|— — —|—_—|—— | . aes, eS 
| | | } 

70.0) 53.0)11.60) 8.94) 17.78/13 .00) 69.72) 55.91) 99.10) 77.85 0.421/0.392 
84.2) 41.0) 9.78) 7.00)18.17 4.79) 34.95} 48.18} 62.90) 59.97) 0.800)0.245 


45.91) 
47.31] 
12.93} 
21.58 


61.0) 51.0) 8.17) 5.77) 8.52) 5.96 
71.4) 74.2) 8.68/11.43) 9.52)17.95) 
47.0! 72.0) 3.22/11.62) 2.90)12.50 
66.2! 62.5)11.04)13.40)11.62)14.32 


24.83! 62.60) 36.56) 0.364|0.472 
45.34] 65.51) 74.72! 0.385|0.648 
44.00| 19.05] 68.12) 0.473/0.548 
46.35| 44.24) 74.07] 1.050|0.598 


399. 8/353 .7 52.49/58. 16/68 .51/68 52/232. 40/264. 61/353 .40/391.29) 3.493)2.903 


TABLE 5. Growth data 


light grown pine. 


for three-year-old, shade and 





HEIGHT IN Oven-pry WercuTs IN Grams SHoor- 
CENTI- ROOT 
METERS RaTIos 

Foliage Stems Roots Plant 
8 L 8 L 8 L 8 L 8 Lb | 8 L 

35.0) 38.5, 5.70,13.48) 2.63) 8.21) 6.29 25.85) 14.62) 47.54) 1.324)0.839 

29.5) 48.© 1.73)11.80 1.36) 8.35; 3.65) 30.34, 6.74) 50.49, 0.847/0.664 

30.2) 39.0) 4.47! 7.46) 1.74) 3.72 4.32) 12.26) 10.53) 23.44; 1.438/0.912 

44.2) 42.6) 7.14) 7.98) 4.16) 4.64) 7.25) 18.78) 18.55) 31.40) 1.559/0.672 

31.0) 43.9) 2.84)16.47) 1.76) 8.98) 4.57) 23.32) 9.17) 48.77) 1.007|1.091 

40.8) 42.2) 8.75)18.05 1.06/11.86| 10.82) 40.43) 20.63) 70.34) 0.907\0.740 

210.7/255.1|30.63'75.24/12.71 45.76) 36.90'150.98) 80.24/271.98 7.082/4.918 


*3 =shade grown. 
tL=light grown. 
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potted seedlings were grown out-of-doors under the 
two treatments for two consecutive growing seasons. 


All groups were kept well watered and presumably 
the average amount of moisture delivered to each of 


the treated groups was approximately of the same 
order. The pots were sunken into the soil until 
their tops were flush with the surface. At the end 
of two growing seasons observations were taken on 
height, total dry weight of plant, dry weight of 
foliage, dry weight of stems, and shoot root ratios. 
Observations are given in Tables 4 and 5. 

The effects of one season’s shading on loblolly pine 
were further brought out in a similar study of one- 
year-old pine. This was done on one group grown 
in the greenhouse and with another group grown out- 
of-doors. Water was added periodically to both 
groups. Observations were made at the end of the 
second season, as they had been made on three-year- 
old pine and oak. Results are given in Table 6 and 
Table 7. 


RESULTS 


Variance analyses were made for each set of ob- 
servations on three-year-old pine and oak. Among 
the four groups (2 treatments and 2 species per treat- 
ment) independent comparisons were made of species, 
the shading effect on pine, and the shading effect on 
oak. 








TABLE 6. Growth data for two-year-old, shade and 
light grown loblolly pine. Plants grown in greenhouse. 
HEIGHT IN Oven-pry WEIGHTS IN GRAMS Sxoor- 

Centi- eo eis VS eae) «eet eee ee ROOT 

METERS | | | Ratios 

| Foliage Stems Roots Plant | 
ee Nes ” . Nitin . = 2 akin 
| | | | 

iit) 8 iL] 8} ) 8 Lui 8 Lb | 8 [2 
= atk SSE GER AREER NRE gece ESS pee IP IS =< 
16.2| 24.9] 3.02| 6.30) 0.88) 1.76) 2.42) 4.71| 6.32) 12.77] 1.612/1.711 
21.0} 36.9) 2.61] 6.00) 0.67) 2.88] 1.75) 5.56) 5.03) 14.38) 1.874/1.615 
18.9) 42.1) 3.00) 6.77) 0.80) 3.15) 1.60) 4.91) 4.60) 14.83) 2.375|/2.020 
19.4| 31.9] 2.00| 7.09) 0.44) 2.80] 1.49) 7.09) 3.93| 16.98] 1.638/1.395 
18.4| 26.2) 1.57) 4.72) 0.51/ 1.85) 0.73) 4.45) 2.81) 11.02) 2.849/1.476 

6.18) 0.68) 2.74) 1.38) 6.07) 4.76) 14.99) 2.449)1.470 


20.3) 30.6) 2.70 


114.2]192.6|14.90/37.06 


3.98/15.18| 9.37) 32.73| 27.45) 84.97|12.797|9.687 


Growth data for two-year-old, shade and 
Plants grown out of doors. 


TABLE 7. 
light grown loblolly pine. 





Heicar 1 | Oven-pry WEIGHTS IN GRAMS Sxoor- 
Cenrt- |__ Ie Ca SOE ee ROOT 
METERS | Ratios 

Foliage Stems Roots Plant 
ae ee % = ae ee Siest 
| | | | 
s L s L § | L Sich. t @ sob § | L 

23.2) 26.3| 4.06) 5.28) 1.24) 1.79) 2.07| 3.80] 7.37) 10.87] 2.560|1.860 
20.5) 33.5) 1.88) 9.06, 0.75) 3.11 1.57 6.3.) 4.20) 18.50) 1.675/1.895 
19.2) 25.5) 1.99) 5.38) 0.64) 1.72) 1.21) 5.56) 3.84) 12.66) 2.174/1.277 
24.5) 37.0) 3.13) 7.54 0.85) 2.76) 2.02) 7.50) 6.00) 17.80) 1.970/1.373 
29.8) 32.2) 3.81) 6.08) 1.22) 2.37) 2.46) 8.00) 7.49) 16.45) 2.045/1.056 
23.5) 36.9! 2.32) 7.58) 1.00] 3.73) 1.88) 8.31) 5.20) 19.62! 1.766|1.361 

140.7)191.4'17.19 40.86) 5.70'15.48) 11.21) 39.56) 34.10) 95.90 12. 190|8.822 


*S=shade grown. 
tL=light grown 
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These independent comparisons indicated that for 
all sets of observations no real differences were mani- 
fested between the shaded and unshaded oak. For 
all sets of observations, except dry weight of foliage, 
a highly significant difference was shown between spe- 
Height growth, dry weight of stems, dry weight 
of roots, and total dry weight were greater in oak 
than in pine, irrespective of light intensity. Dry 
weight of foliage of light-grown pine exceeded that 
of oak in both treatments. Shoot-root ratios were 
significantly greater in pine than in oak in both sun 


cies. 


and shade. 

Effects of shading on pine are of particular inter- 
est. Very highly significant shading effects were 
found with respect to dry weight of foliage and total 
dry weight. The observed differences would be due 
to chance alone not more than one time in one hun- 
dred. Significant effects of shading also existed on 
dry weight of stems, dry weight of roots, and shoot- 
These comparisons showed significance 
No shading effects on height 


root ratios. 
at the 5 percent level. 


growth of pine were demonstrated in this study. 
Variance analyses were also made on data of the 
other groups of plants to determine if shading had 
an effect on pine seedlings after only one year of 
treatment. 
ferences were evident 
one year of shading. 


Very striking, statistically significant dif- 
in the two groups after only 
Pine grown in full light made 





Fig. 2. Effect of light intensity on growth of repre- 
sentative loblolly pines. The seedlings are two years old 
and were subjected to treatment in the greenhouse dur- 
ing the second year only. The three seedlings on the 
left were grown at one third of full light intensity and 
those in the right were grown at full light intensity. 
Both sets were watered regularly and at the same time. 


greater height growth, had greater dry weight of 
foliage, greater dry weight of stems, greater dry 
weight of roots, and greater total dry weight. Shoot- 
root ratios were significantly lower in pine grown in 
full light. All variance ratios, with the exception 
of shoot-root ratios were significant at the 1 percent 
level. Shoot-root ratios were significant at the 5 per- 
cent level. 

This work shows the very great importance of 
light intensity to survival of pine. The decreased 
root growth that is brought about by shading results 
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in a reduced capacity for absorbing soil moisture in 
pine since root extension at times of moisture stress 
is very important. Oak, however, was tolerant to 
made excellent growth at both light 


shade and 


intensities. 


EFFECTS OF LIGHT INTENSITY AND SOIL 
MOISTURE ON GROWTH AND WATER 
ABSORPTION 


MetTHOops 


seedlings of loblolly pine, shortleaf 
pine, dogwood, and overeup oak were used in this 
study. The soil was the A-layer of Mayodan coarse 
sandy loam which had a moisture equivalent of 9.50 
percent and a wilting percentage of 1.17 percent. 

On April 15, 1942, six seedlings of each species 
were planted in buckets. The pines were planted in 
buckets of 5-quart capacity while 8-quart buckets 
were used for the dogwood and oak seedlings. A fixed 
weight of soil of known moisture percentage was 
placed in each bucket. Each bucket was sealed with 
a galvanized iron lid which sloped from the seedling 
stem to slightly overlap the edge of the bucket. A 
galvanized slide joined the edges of the lid where it 
had been split to fit around the seedling stem. Each 
stem was wrapped with cotton to prevent abrasion 
by the lid and the region between the lid and the 
stem was effectively sealed with an asphalt-base roof- 
ing cement. Experimentation revealed that this cover 
was very efficient in preventing evaporation of water 
from the soil surface and entrance of rain water. 

The gross weight of each bucket was calculated for 
a soil moisture content of 10 percent, or approxi- 
mately field capacity. The gross weight of each 
bucket was also caleulated for soil moisture constants 
at percentages less than field capacity and down to 
the wilting percentage. All of the buckets for any 
one species were adjusted so the gross weights were 
similar for any given soil moisture percentage. The 
buckets were placed outdoors in full sun for approxi- 
mately 3 weeks and were maintained at the field 
capacity of moisture during that time. On May 8, 
1942, the seedlings of each species were divided 
strictly at random into 3 groups of 48 seedlings, each 
group containing 12 individuals of each of the 4 
species. 

The experimental design in the field consisted of 
three light treatments and each of the light treat- 


One-year-old 


ments was further subdivided into 2 soil moisture 
treatments. Three beds, each 5 ft. x 30 ft. and run- 


ning in an east-west direction were constructed in 
the field. One of the beds was left unshaded for 
studies under full light conditions. Wooden frames, 
6 ft. x 6 ft. x 3% ft. high were constructed of 2 in. x 
2 in. pine to fit over each of the other two beds. Five 
such frames covered the entire length of a bed. The 
frames over one bed were covered with 16-mesh gal- 
vanized wire cloth. The top, south, east, and west 
sides of the beds were thus covered, producing a 
rather homogeneous, reduced light intensity within 
each of the two covered beds. The beds were spaced 
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Fic. 3. Arrangement of two shaded series for experi- 
ments in which soil moisture was controlled for each 
seedling. 


15 feet apart to insure no overlapping of 
intensities. 


light 


Each bed was divided into 6 sections each 5 x 5 
feet. Each such section contained one plant of each 
of the four species at a soil moisture approximating 
field capacity and one plant of each species at a re- 
duced soil moisture. In the reduced soil moisture 
group, seedlings were left unwatered until the soil 
reached almost the actual permanent wilting percent- 
age, then enough water was added to bring the soil 
back to field capacity. In the first group enough 
water was added weekly to bring the soil back to the 
field capacity. 

Light intensity measurements were taken in the 
three beds with a Weston illuminometer. Random 
observations were taken alternately for each of the 
three intensity conditions. A reading was taken in 
the full light station and immediately following this, 
a reading was taken in the partially shaded series. 
The instrument was then moved to the immediate 
vicinity of the fully shaded series and a reading was 
taken in full light just outside the shades. A read- 
ing was then taken in the deeply shaded bed. The 
light intensity observations taken were considered as 
samples of a population of a possible infinite num- 
ber of such observations. On a normally cloudless 
summer day the deeply shaded bed averaged 13.3 
percent of full light, while the partially shaded bed 
averaged 64.2 percent of full light intensity. 

During the season there was a high rate of mor- 
tality in all species in full light intensity. This pre- 
sumably was caused by unanticipated and abnormal 
heating of the buckets in full sun. For this reason 
comparisons could be made only between the partially 
shaded group and the heavily shaded group where 
the effects of such excessive heating were not apparent. 

EFFECTS ON GROWTH 

Prior to setting out the experimental plants a re- 
gression analysis was made of oven dry weight on 
fresh weight of 25 seedlings for each species, except 
oak, and from the same population from which the 
experimental plants were drawn. 
used for oak. 


Only 21 seedlings 


were Variance analyses were made 
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and straight lines fitted by least squares to the 
plotted points (Fig. 4). In Figure 4 the band which 
is bisected by the regression line is the 95 percent 
confidence band. Its vertical distance (in a positive 
and negative direction) from the bisecting line is 
twice the standard error of the calculated dry weight. 
It thus delimits the range which contains the true 
dry weight corresponding to given fresh weight with 
a probability of 0.95. The original dry weight of 
each of the plants used was estimated from its fresh 
weight with the established regressions. At the end 
of the growing season the actual dry weights of lob- 
lolly pine and oak seedlings were determined and the 
difference between final dry weight and original esti- 
mated dry weight recorded as dry weight increase. 
This was done for each seedling in this experiment 
in the two light intensities and at the two soil mois- 
ture conditions. 

An analysis of variance was made to determine 
differences in dry weight increase between species 
and treatments. Similar analyses were made for 
shoot-root ratios. In independent comparisons tests 
were made of light intensity, soil moisture effect in 
high light, soil moisture effect in low light, species 
effect in high light, species-soil moisture interaction 
in high light, species effect in low light, and species- 
soil moisture interaction in low light. A decrease in 
soil moisture significantly reduced dry weight increase 
of both species, but no difference could be ascribed 
to light intensity. The data indicate that there was 
much more variation between individual pine seed- 
lings at high light intensity than there was in the 
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Fic. 4. Regression of dry weight on fresh weight of 
pine and oak seedlings. 
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shade. Although the highest dry weight increase for 


pine was recorded in high light, two of the six seed- 
lings showed dry weight increase that appeared ab- 
normally low. It is suspected that the greater amount 
of heating of the sealed buckets in high light may have 
been a factor in the low increases in dry weight of 
some of the seedlings. Although very significant effects 
of soil moisture on dry weight increase were mani- 
fested, the variability of the data suggested that fur- 
ther experiments were needed to test effects of light 
intensity when soil moisture is adequate. The results 
of such tests are reported in another section. 

Analysis of shoot-root ratios showed that increased 
light intensity resulted in increased root growth. A 
very significant difference occurred between species 
at both light intensities. Oak had more root per unit 
of shoot at both light intensities. 


EFFECTS ON ABSORPTION OF WATER 

In order to study differences in the ability of pine 
and oak to absorb water when soil moisture is low, 
multiple regression analyses were used. Transpiration 
data for the last 10 weeks of the experiment were 
analyzed for pine and oak grown in soil that was 
allowed to dry down to a point slightly above wilting 
percentage before rewatering. Since transpiration 
rates for these analyses were expressed for each seed- 
ling as a percentage of the maximum observed for 
that seedling over the 10-week period, it was desirable 
to segregate and eliminate effects of certain variables 
in order to test the effect of soil moisture alone. It 
yas deemed desirable to eliminate the effects of time 
that would be manifested primarily in the growth of 
the plant in shoot and root and also the effect of 
differences in evaporating power of the atmosphere. 
Mean vapor pressure deficits of the atmosphere for 


each of the 10 weeks were ecaleulated from mean 





Fic. 5. Roots of representative plants of loblolly pine 
grown at 6,000 foot candles with two soil moisture treat- 
ments. The two well developed root systems were grown 
in soil with moisture kept close .to field capacity. The 
two poorly developed root systems were grown in soil 
that was allowed to dry down practically to the wilting 
percentage before it was rewatered to the field capacity. 
These roots were exposed to rather severe droughts sev- 
eral times during one growing season. 
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temperatures and relative humidities obtained from 
hygrothermograph records. Readings were taken at 
2-hour intervals and averaged to obtain a_ weekly 
mean. The regression equation was of the form 
in which, for any given seedling, Y = total weekly 
transpiration as percent of maximum observed over 
the 10 weeks, x; = mean vapor pressure deficit of 
the atmosphere in millimeters of mereury, x. = time 
in weeks since the first week, and x, = mean soil 
moisture percent for one week. 

Numerical values and constants were calculated 
from available data. The final equations for both 
species at both light intensities were as follows: 

For pine at high light intensity 
, = —61.9948 4+ 13.3431x: + 6.9304x2 4 


a Foes Ah Cus veanke wien (1) 
For pine at low light intensity 
Y = —19.2563 4 3.8199x: + 1.4599x2 +4 
| STS GRA ieee nee (2) 
For oak at high light intensity 
Y = 1.4741 4+ 10.4345x: + 2.1092x2 4 
I ste er reas att ihd 05k aan baie aes. Scs alee 6 aE (3) 
For oak at low light intensity 
Y = —5.5688 + 8.5281x 4+ 2.9821x2 + 
TUES ark odo leis SINS aso we en awe seabed (4) 
The combined effects of vapor pressure deficit 


(x,) and time (xo) were significant in all instances 
except in oak under low light. The regression on 
soil moisture (xz) when vapor pressure deficit and 
time were fixed was very highly significant in pine 
at both light intensities, and significant, but less pre- 
cisely determined, in oak. 

Inspection of calculated means indicates very small 
differences in mean soil moisture between species and 
between light intensities over the 10 weeks. A higher 
mean transpiration for oak is at once evident, how- 
ever. The mean transpiration rate for oak at high 
light intensity was 62.54 percent of maximum, and 
at low light intensity 60.83 percent. For pine at 





Roots of representative plants of shortleaf 
pine grown at 6,000 foot candles with two soil moisture 


Fic. 6. 


treatments. The two well developed root systems were 
grown in soil with moisture kept close to field capacity. 
The two poorly developed root systems were grown in 
soil that was allowed to dry down practically to the 
wilting percentage before it was rewatered to field 
capacity. These roots were exposed to severe droughts 
several times during cne growing season. 
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Fie. 7. Seedlings of loblolly pine; three on left grown 
in shade with soil moisture kept close to field capacity, 
and three on the right were grown in shade in soil that 
was allowed to dry down practically to the wilting per- 
centage before it was rewatered to field capacity. 





Fig. 8. 


Three oak seedlings at left grown at 6,000 
foot candles for one growing season and three on right 
grown at 1,300 foot candles. 





Y= a + bix: + boxe + bsxs 
high light intensity mean transpiration was 47.99 per- 
cent of maximum, and at low light intensity 47.72 
percent. The difference in slope of response of spe- 
cies to soil moisture alone that is suggested in the 
comparison of means is shown graphically in Figure 
9. The reaction of each group to soil moisture was 
calculated at mean vapor pressure deficit and mean 
time for each group tested for the 10-week period. 
At both light intensities oak has a greater capacity 
for absorption of water, when soil moisture is less 
than field capacity, than does pine. The difference 
in slope between light intensities is small for oak, 
but a larger difference between intensities for pine 
suggested further anaiysis. The data suggest that 
light-grown pine has a greater capacity for absorption 
of water than does shade grown pine when soil is 
deficient in available moisture. Values of Y were 
calculated for both groups of pine for each set of 
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AS PERCENT OF OBSERVED MAXIMUM 
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SOIL MOISTURE 
PERCENT OF OD. WEIGHT 
Fig. 9. Effect of light intensity on transpiration of 
pine and oak seedlings. Reaction of each group to light 
intensity calculated at mean vapor pressure deficit and 
mean time for each group tested. 


observations, using equations (1) and (2). Residuals 
between observed and calculated values for transpira- 
tion were plotted in Figure 10. The greater scatter 
of residuals under high light at low soil moisture 
indicates a lesser effect of soil moisture alone on 
water absorption by pine and a correspondingly 
greater influence of other variables. Further support 
for this observation is gained by the fact that the 
mean dispersion of the pine residuals of high light 
intensity exceeds that of the low by 45 percent; 
whereas in the corresponding oak data the excess is 
only 15 percent. 

It has been pointed out by Livingston (1927), 
Keen (1927), Shull (1930) and others that if little 
or no capillary water moves toward roots then con- 
tinual extension of roots into new regions of soil is 
necessary for absorption of adequate soil moisture. 
Kramer and Coile (1940) concluded that at least 
under some conditions root extension might supply 
all the water required by a plant.. A possible ex- 
planation of the difference in the efficiency of absorp- 
tion of water by pine and oak lies in their difference 
in root growth. It has been shown that the amount 
of root growth of oak in relation to top growth is 
much greater than that in pine. This was true irre- 
spective of light and for soils with adequate moisture 
as well as soil deficient in moisture. The effect of 
reduced light intensity on root growth is apparently 
more profound in pine than in oak, since oak attains 
maximum photosynthetic activity at a low light in- 
tensity. It appears that pine in soil deficient in 
moisture is able to absorb more water at a high light 
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Fig. 10. Distribution of residuals between observed 
and ealeulated transpiration values for pine for two 
light intensities. 
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intensity than in shade because of its greater exten- 
sion of roots. At the low light intensity the plotted 
residuals in Figure 10 suggest that when root growth 
is limited by light intensity the amount of water 
absorbed is very closely correlated to the amount of 
water in the soil. Under such conditions vapor pres- 
sure deficit of the atmosphere exerts a lesser effect 
on absorption. These considerations suggest certain 
difficulties in attempting to segregate and analyze cer- 
tain environmental factors independently rather than 
interdependently as they probably function in nature. 
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EFFECTS OF LIGHT INTENSITY AND SOIL 
MOISTURE ON PHOTOSYNTHETIC 
RATES OF OAK AND PINE 
SEEDLINGS 


METHODS 


In order to study effects of light and decreasing 
soil moisture on photosynthetic rates of loblolly pine 
and white oak, two-year-old, pot-grown seedlings of 
each species were used. The seedlings used in this 
experiment had received no pretreatment, having 
been grown under normal, full-light conditions. A 
greenhouse soil was used with a moisture equivalent 
of 15.01 percent and a wilting percentage determined 
in 6 tests with Avena sativa of 5.23 percent. During 
the evening of August 11, 1946, an excess of water 
was added to the soil of each of three potted seed- 
lings of each species. To prevent rapid evaporation 
from the walls of the pots the experimental plants 
and their pots were inclosed in metal containers 
slightly larger than the pots. The soil of each seed- 
ling was covered with a piece of oilcloth to prevent 
evaporation of moisture from the soil surface. It 
was assumed that soil moisture would approximate 
field capacity on the following morning. It actually 
was somewhat higher. On the morning of August 12 
simultaneous measurements of photosynthetic rates of 
one of the pine seedlings and one of the oak seed- 
lings were made with the Decker apparatus in the 
manner previously described in this paper. The soil 
moisture content was higher than the caleulated mois- 
ture equivalent. The particular chamber used for 
each plant was randomly selected. Photosynthetic 
rates of the other two sets, each such set consisting 
of one pine and one oak, were measured in a similar 
manner. The potted plants were taken out of the 
metal containers curing the photosynthesis runs, but 
at the conclusion of a run were replaced in the metal 
containers in the greenhouse. On the following day 
photosynthetic rates of the three sets were again 
measured in a similar manner and in the same order. 
However, the chambers used for a species were again 
selected at random. Two consecutive runs were made 
daily on each set, one at full light intensity (9,500 to 
10,000 foot candles) and the second at light infensity 
reduced to approximately one-tenth of full light 
(approximately 1,000 foot candles). A stabilization 
period of 30 minutes was used between the two runs 
of any one set. The photosynthesis measurements 
were continued on all sets until photosynthesis 
dropped to a negligible rate. This condition was 
evidenced on the seventh consecutive day after the 
beginning of the measurements and no further obser- 
vations were taken. 

At the conclusion of each photosynthesis run two 
small cores of soil were extracted with cork borers 
from each pot for soil moisture determinations. This 
was done on the first day of the experiment and on 
alternate days thereafter. On days when cores were 
not extracted an estimate of the percentage of soil 
moisture was obtained by gain in weight of soil point 
cones (Livingston and Koketsu, 1920). These were 
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inserted in the soil a few minutes before the begin- 
ning of each run and kept there for 2-hour periods. 
After each use the soil point cones were oven dried 
and were used again the following day. The same 
cones were used for a particular plant throughout 
the study. Prior to the beginning of photosynthetic 
determinations preliminary experimentation with the 
cones and the same soil used in the experiment indi- 
cated that keeping the cones in soil for 2-hour periods 
yas more satisfactory than for 1-hour periods. A 
regression analysis was made of gain in weight of 
the cones and percentage of soil moisture. 


RESULTS 
For purposes of statistical comparisons of differ- 
ences in response of pine and oak to light and soil 
moisture the data were subjected to regression anal- 
The regression equation was of the form: 


ysis. 

Y=a-+ bixi +4 bexe 
where, for any seedling, Y = percent of maximum 
photosynthesis, x; = 100 divided by percent of soil 


moisture at time of determination of photosynthetic 
rate, and x» = x,*. Numerical values and constants 
were calculated for both species at full light and at 
one-tenth of full light. The final equations were: 


For pine at full light 








(100) (100)? 
Y = 113.2776 — 2.65015 — — 0.452598 ———— 
x x 
For pine at one-tenth of full light 
(100) (100)? 
Y = 55.61071 + 4.08667 ———— — 0.631376 - 
x x 
For oak at full light 
(100) (100)* 
Y = 32.49666 +4 20.80015 ———— — 1.80795 
x x 
For oak at one-tenth of full light 
(100) (100)? 
Y = 53.8286 + 11.3452 ————- — 1.1921 
x x 


The data were subjected to variance analyses for 
statistical tests of significance of light intensities and 
differences between species. For all four groups the 
effects of soil moisture were highly significant. The 
differential response to light intensity, while highly 
significant in the pine (Fig. 11) was of no significance 
in the oak (Fig. 12). 

Inspection of the reciprocal curves in Figures 11 
and 12 indicates that as the soil dried down the rate 
of apparent photosynthesis of loblolly pine was de- 
creased more rapidly than that of white oak. The 
curve for photosynthesis of oak at full ight suggests 
that there was no reduction over a considerable range 
of soil moisture and there may even have been a 
slight increase with improved aeration that would 
result from drying down. A marked reduction is in- 
dicated in photosynthesis of pine at reduced light 
intensity throughout the range of available moisture, 
but the light effect on oak was slight. This is in agree- 
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Fig. 11. Effect of drying down of soil on apparent 
photosynthesis of pine seedlings. Upper curve repre- 
sents rate at full light intensity and lower curve repre- 
sents rate at one-tenth of full light intensity. 
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Fie. 12. Effect of drying down of soil on apparent 
photosynthesis of oak seedlings. Upper curve represents 
rate at full light intensity and lower curve represents 
rate at one-tenth of full light intensity. 


ment with the observations of Kramer and Decker 
(1944) who found a marked reduction in photosynthe- 
sis of loblolly pine with decrease in light intensity. 
They found that all species of hardwoods they studied 
attained maximum photosynthetic rates at light in- 
tensities of 3,000 foot candles or less. Loustalot 
(1945) working with pecan in coarse sand and 
nutrient solutions found that reducing soil moisture 
to 1.5 percent above wilting percentage resulted in a 
reduction of transpiration to two-thirds of normal 
but photosynthesis was not appreciably affected. The 
wilting percentage of his soil was 1 percent and field 
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capacity was approximately 6 percent. With a brown 
silty loam of the Catalpa series having a wilting per- 
centage of 12.2 percent and a field capacity of 
approximately 34 percent effects were noticeable when 
soil moisture dropped to 18 percent. At the same 
time there were small decreases in photosynthesis and 
transpiration and these continued to decrease at about 
the same rate. Schneider and Childers (1941) stud- 
ied effects of depletion of soil moisture on photosyn- 
thesis and transpiration of small apple trees in a soil 
having a wilting percentage of 15.5 percent and a 
moisture equivalent of 38.4 percent. They found a 
slight increase in apparent photosynthesis with slight 
decrease of moisture below field capacity. This was 
attributed to improved aeration of the dark, fairly 
heavy soil they used. Within a few days, however, 
there was a paralleling of their transpiration and 
photosynthesis curves. Heinicke and Childers (1936) 
and Loustalot (1945) also reported that gradual dry- 
ing of soil is accompanied by an appreciable reduction 
in rate of transpiration and photosynthesis. 


EFFECTS OF SHADE ON TRANSPIRATION 
CAPACITY OF LOBLOLLY PINE 
SEEDLINGS 


METHODS 


It could not be shown in work described earlier in 
this paper that there were statistically significant dif- 
ferences in photosynthetic capacities of shade-grown 
and sun-grown pine. It was suspected, however, that 
this may have been due to large variations between 
individual seedlings and further insight into the effect 
of shading was desired. It was shown by Heinicke 
and Childers (1936) that when conditions are favor- 
able for photosynthesis, transpiration is likely to be 
high, provided there is an abundance of water avail- 
able. It seems reasonable that if shading affects leaf 
anatomy enough to modify transpiration it would 
probably also modify photosynthesis. 

Groups of loblolly pine seedlings with the follow- 
ing pretreatments were used in an experiment de- 
signed as a randomized block type: 


1. Pine, 2 years old, grown the first year in a nursery 
in full light and the second year in shade (2 years, 
shade-grown). 

2. Same as 1 except grown both years in full light (2 

years, light-grown). 

3. Pine, 3 years old, grown the first year in a nursery 
in full light and the second and third years in shade 
(3 years, shade-grown). 

4. Same as 3 except grown all three years in full light 
(3 years, light-grown). 

The seedlings had been grown in ordinary clay 
pots which were placed inside metal buckets after 
the soil had been brought up to approximately field 
capacity of moisture. The moisture equivalent of the 
soil was 15.01 percent. The tops of the buckets were 
covered with 2 layers of oilcloth to prevent evapora- 
tion of moisture from the soil surface. 

Six randomized blocks were laid out in the green- 
house. Each block contained one plant of each of 
the four pretreatments. Arrangement within blocks 
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was by randomization and, after observations were 
made, each plant was returned to the same position 
it had previously occupied within its particular block. 
Transpiration rates for 24-hour periods were obtained 
gravimetrically. The equivalent of the transpired 
water was replaced immediately after each experi- 
mental period. Observations were taken for 14 days 
and the total number of observations was 336. 

One of the three-year-old, shade-grown plants that 
vas apparently not in a vigorous condition had an 
abnormally high transpiration rate on the first day 
of the experiment. Within 4 days its rate dropped 
to a negligible level and foliage had begun to drop 
off. This plant was removed from the experiment 
and its obviously abnormal behavior prompted the 
rejection of all observations taken on this individual. 
For the purpose of variance analysis, error-free ob- 
servations were obtained for the missing values by 
the missing plot technique outlined by Yates (1933). 
Two other values were rejected as obviously spurious 
because it appeared that the proper amount of water 
had not been replaced after observations were taken. 
The missing plot technique was again utilized. This 
resulted in a loss of 16 degrees of freedom from the 
possible maximum of 335. 


RESULTS 

Transpiration rates as grams of water lost per 
gram of oven dry weight of foliage were subjected 
to an analysis of variance. The sum pretreatment 
effect indicated significance at the 5 percent level but 
not at the 1 percent level. This indicates that the 
probability is not more than 5 in 100 that the ob- 
served differences are due to chance alone. The pre- 
treatment sum of squares was further partitioned in 
three independent comparisons. A comparison be- 
tween shade-grown and light-grown pine indicated no 
significant differences. A highly significant effect, 
however, was found in comparing 2-year-old and 
3-year-old pines. The younger seedlings had a higher 
transpiration rate per unit of foliage. A third com- 
parison, the age-shading interaction, gave no signif- 
icant differences. Highly significant differences were 
found between plants, between days, and the inter- 
action of days and pretreatment. 

Although no real effects of shading were shown in 
the analysis some interesting considerations were 
brought out in the difference between 2- and 3-vear- 
old pines. The 3-year-old pines were considerably 
larger and it appears that transpiration rate may 
also be a function of seedling size. The greater 
amount of suberization of roots in the 3-year-old 
seedlings probably also contributed to a decreased 


rate. The effect was not wholly one of age since age 
was confounded with seedling life history. The 


2-year-old group had been grown in the greenhouse 
and the 3-year-old group out of doors. 

The first set of independent comparisons was made 
to determine if real effects could be ascribed to shade 
pretreatment, regardless of age, for the entire period 
of the experiment. Since this could not be done, 
another set of independent comparisons was made to 
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determine if there was an effect ascribable to shade 
within the 2-year-old pine and independently within 
the 3-year-old pine. In this analysis no real effects 
were indicated except the difference due to age which 
had already been previously ascertained. Mean tran- 
spiration rates of all four groups were plotted for 
each day. An inspection of Figure 13 suggests that 
light-grown pine does have a higher transpiration 
rate than shade-grown pine when atmospheric con- 
ditions are favorable for high transpiration. When 
conditions are unfavorable for high transpiration 
rates it appears difficult to distinguish between pre- 
treatment effects on this process. 

An additional analysis of variance was made for 
the data of the first 8 days of the experiment when 
rates for all groups were high. This was done to 
determine if there were real effects due to shading 
for this period. The total pretreatment effect for the 
4 groups indicated significance at the 5 percent level. 
This pretreatment sum of squares was further broken 
up into independent comparisons between shaded and 
unshaded groups, 2-year-old against 3-year-old groups, 
and a comparison of the age-shade interaction. A 
real difference in transpiration rates was shown due 




















to shade pretreatment for the period when the rates 
of all groups were high. 
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Fig. 13. Transpiration rates in grams of water lost 


per gram of oven-dry weight of foliage for 2- and 
3-year-old loblolly pine seedlings. 


Anatomical differences between and _ shade- 
grown individuals of the same species, and of the 
same individual plant were studied in detail by Stahl 
(1883). His observations were further verified in 
the researches of Pick (1882), Dufour (1887), Suroz 
(1892), Nordhausen (1903), Hesselman (1904), Rose 
(1913), and others. A characteristic feature of sun- 
grown leaves is the prevalence of palisade mesophyll 
while spongy mesophyll is found in greater abun- 
dance in shade leaves. There is a tendeney for 
mesophyll cells of sun leaves to elongate in a diree- 
tion perpendicular to the surface of the leaves. In 
addition sun-grown leaves are thicker. The number 
of stomates per unit area is greater, the conducting 
and mechanical tissues are more strongly developed, 


sun- 
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and the epidermal cells have thicker walls in sun- 
grown leaves. 

The early outstanding work of Geneau de Lamar- 
liere (1892) showed the sun-grown forest tree species 
had higher transpiration rates than did those grown 
in the shade. Hourly transpirational losses of sun 
and shade leaves of oak were respectively 170 and 
110 mg. per square decimeter of leaf area; of beech, 
240 and 110 mg.; of Ampelopsis hederacea, 200 and 
100 mg.; of yew (24 hrs.) 2,660 and 950 mg.; of 
white lupin 900 and 320 mg. Geneau’s results were 
fully confirmed later by several research workers 
including Hesselman (1904), Sampson and Allen 
(1909), Stocker (1923), Kokhanovsky (1926), and 
Dietrich (1926). Dietrich determined transpiration 
rates per unit of leaf surface and also per unit of 
fresh weight. She found that under sun conditions 
the rate of transpiration is higher than that of shade 
plants. Her studies confirmed fully the results of 
Stocker (1923), Keller (1925), and Maximov (1916, 
1923). 

Hesselman (1904) noted an inereased number of 
stomates in sun leaves. Schramm (1912) reported 
that Fagus sylvatica had 416 stomates per square 
millimeter in sun leaves and 113 in shade leaves; 
Carpinus betulus 365 for sun leaves and 170 for 
shade leaves; Acer pseudoplatanus 860 for sun leaves 
and 215 for shade leaves. In all other species that 
he worked with the number per unit area was greater 
for sun trees than for those grown in the shade. 
Schramm also attributed the greater rate of tran- 
spiration of sun-grown trees to an increased number 
of stomates and veins which make possible an added 
flow of water to the leaves. It seems likely that 
Schramm was in error since Muenseher (1915) found 
no relation between the amount of transpiration and 
the number of stomates per unit of leaf surface in a 
number of species chosen to represent a wide range 
in size and number of stomates. He further found 
no constant relation between the amount of water lost 
and the numbers of linear units of stomatal pore, 
that is, the number of stomates per unit of leaf sur- 
face multiplied by the length of the average pore. 
It is likely that the increased proportion of vascular 
tissue in sun leaves keeps them better supplied with 
water and this favors higher transpiration. 

Turrell (1936) measured internal exposed surfaces 
of leaves, using permanent slides of leaf sections. 
Cell sizes were determined by direct microscopic 
measurements and from camera lucida drawings with 
a planimeter and chartometer. He found the ratio 
of the internal to the external surface (R) to be low 
for shade leaves (6.8-9.9), intermediate for mesomor- 
phie leaves (11.6-19.2), and high for xeromorphie sun 
leaves (17.2-31.3). A sun leaf of Syringa vulgaris, 
selected at random, had 96 percent more internally ex- 
posed surface than a shade leaf of the same plant. 
Turrell (1944) postulated that since the Dalton equa- 
tion, as discussed by Maximov (1929), shows the im- 
portance of the area of the water surface on rate of 
evaporation, the exposed area of a plant ought to be 
of great importance in transpiration. He grew plants 
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of periwinkle and oleander under two ranges of inten- 
sity of artificial light. Transpiration rates were meas- 
ured in phytometers. When data for all plants were 
treated statistically as a group, correlations between 


internal-external surface ratios and _ transpiration 
rates were highly significant. 
Although no anatomical studies were made of 


foliage of shade-grown and light-grown pine in this 
study, it seems likely that the internal-external sur- 
face ratios were higher in sun-grown plants. It has 
been demonstrated that shading of pine affects its 
water absorbing capacity. This was observed only 
when transpiration and hence absorption were high. 
It is suggested that when conditions are conducive 
to high photosynthetic rates such rates will actually 
be higher in sun-grown plants than in shade-grown 
plants. This could not be shown directly by meas- 
uring photosynthesis, probably because there was 
great variation in photosynthetie rates of individual 
plants. That variation, coupled with difficulty and 
error in measuring photosynthesis, may have obscure 
the existing differences between groups. 


CARBOHYDRATE ANALYSES OF LIGHT- 
GROWN AND SHADE-GROWN PINE 
AND OAK SEEDLINGS 


METHODS 

Samples of foliage, roots, and stems of the 3-year- 
old loblolly pine and overeup oak seedlings used in 
the experiment described in an earlier section of this 
paper were obtained. The roots were washed free 
of soil under a water tap. All plant materials were 
killed by drying and dried in a forced draft oven 
at 75° C. Leaves were ground to powder ina flint 
ball mill. Roots and stems were thoroughly shredded 
in a motor-driven pencil sharpener. 

Carbohydrates contained in roots, stems, and leaves 
of shade-grown and light-grown loblolly pine and 
overcup oak were hydrolyzed to glucose by autoclav- 
ing one-gram samples of plant material for 1 hour 
under 15 pounds pressure in 150 milliliters of 2 per- 
cent HCl. Glucose equivalents of all sugars, starch, 
dextrin, and hemicelluloses were determined by a 
modified Shaffer-Somogyi method. The method used 
was essentially the same as that described by Heinze 
and Murneek (1940) with the exception that 2 milli- 
liters of starch solution were used for an indicator. 
Jemison (1944) made a comparison of the alcohol 
extraction method for sugars and non-sugars recom- 
mended by Heinze and Murneek and the method of 
digestion with 2 percent HCl and autoclaving as used 
in this study. He found that the alcohol extraction 
method gave total carbohydrate averages of 2.6 per- 
cent less than the method with HCl. It is quite 
likely that in using HCl and heat small amounts of 
structural carbohydrates are hydrolyzed. This pre- 
sumably should have no great effect in this study 
since differences between species and between shade- 
and sun-zgrown groups are of greatest interest. All 
groups compared have been treated by the same 
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method of hydrolysis. It was adopted because it re- 
quired much less time than alcohol extraction. 

After hydrolysis the sugar solutions were filtered 
and 10 milliliter aliquots were pipetted into large 
test tubes. Ten milliliters of reagent “50” of Heinze 
and Murneek were added and the solutions were 
thoroughly mixed. The test tubes were covered with 
burette funnels and a small glass bead was placed 
in each funnel. This departure from the use of the 
large glass bulbs suggested by Heinze and Murneek 
was quite satisfactory. The tubes were held in metal 
racks and were placed in a boiling water bath for 15 
minutes. Two water blanks were included in a rack 
for each boiling period. After heating, the tubes 
were removed to a cold water bath and cooled for 
3 minutes. Two milliliters of potassium iodide- 
potassium oxalate solution (2.5 percent with respect 
to each) were added to each tube and this was fol- 
lowed by 10 milliliters of 1 N. HCl. The tubes were 
rotated for complete mixing and solution of the 
cuprous oxide. The solutions were allowed to stand 
for 5 minutes and were then titrated with 0.02 N. 
thiosulfate solution and 2 milliters of starch solution 
served for an indicator. The titration values were 
subtracted from the average of two titrated blanks 
and the sugar equivalent was read from Figure 14 
which was obtained by analyses on aliquots contain- 
ing known amounts of dextrose. Each point repre- 
sents the mean of 6 observations. 


RESULTS 


Kight samples were analyzed for each of the 12 
groups tested. The species differences are of greatest 
interest in these analyses. In roots, leaves, and stems 
glucose equivalents of reserve foods were very much 
higher in oak than in pine. In pine roots there were 
no real differences in amount of carbohydrate be- 
tween samples from shade- and light-grown seedlings. 
The seedlings of this study were the same ones used 
in an experiment described in a previous section and 
it has been shown that total dry weight of roots of 
light-grown pine was much greater than that of 
shade-grown pine. It is apparent, therefore, that the 
total amount of reserve foods per plant was signif- 
icantly greater in sun-grown pine than in shade- 
grown pine. There were no real differences between 
total dry weight of roots of shade- and light-grown 
oak and it appears that total reserve carbohydrates 
in both groups are of the same order. Mean glucose 
equivalent of pine roots for both shade- and light- 
grown groups was 3.195 milligrams, while that for 
oak was 5.293 milligrams per sample aliquot. In 
Tables 4 and 5, it was shown that roots of 12 3-year. 
old oak seedlings weighed almost 500 grams while 
roots of 12 3-year-old pine seedlings weighed less 
than 200 grams. The bulk of the weight of pine 
roots was in the light-grown group. With these dif- 
ferences in mind it can readily be appreciated that 
total reserve carbohydrates were even greater in oak 
in relation to pine than the carbohydrate analyses 
indicate. One-gram samples of plant material were 
used for carbohydrate analysis in each and, therefore, 
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the percentage of sample was greater for pine than 
oak. 

In foliage the differences between species were 
again highly significant. The mean for oak was 
4.775 milligrams, and 3,665 milligrams for pine of 
both shade- and light-grown groups. Total dry 
weight of foliage for 12 pine and 12 oak seedlings 
was approximately the same and, therefore, total 
reserve carbohydrates in foliage are in approximately 
the ratios shown in the means above. 

Glucose equivalents of carbohydrates in stems av- 
eraged 3.30 milligrams for oak and 2.99 milligrams 
for pine per sample. The total weight of oak stems 
for 12 seedlings was 137 grams while that for pine 
seedlings was 58.47 grams and this further indicates 
a much larger total content of glucose in oak stems 
than in pine. 

The variance analyses indicate that carbohydrate 
content was slightly greater per sample in shade- 
grown pine than in light-grown pine. Total ecarbo- 
hydrates, however, for 6 seedlings were greater in 
light-grown pine since dry weight of foliage was 
more than twice as great and dry weight of stems 
over three times as great as in the shade-grown group. 

Hepting (1945) has observed that there is a marked 
seasonal variation in carbohydrate content of short- 
leaf pine roots. He found that roots had a minimum 
of reserve foods in the autumn. The amount in- 
creased all winter and reached a maximum in early 
spring that was approximately three times the mini- 
mum. Sablon (1906) stated that the maximum total 
carbohydrate reserves of deciduous trees exist at the 
time of leaf fall in the autumn, whereas the maximum 
for evergreen trees is at the time of opening of buds 
in the spring. His findings for evergreens were 
confirmed by Hepting’s work with shortleaf pine. 
Traub (1927) reported that reserve carbohydrates in 
peach twigs reached a maximum just after leaf fall. 
Sinnott (1918) reported that in deciduous trees there 
is a reduction in the amount of food stored in the 
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form of starch at the beginning of winter. In late 
winter or early spring there is starch regeneration. 
There are indications that pine uses up most of its 
carbohydrates in current growth whereas deciduous 
species have considerable reserves at the end of the 
growing season (Scarth, 1936). 


DISCUSSION AND INTEGRATION OF 
FINDINGS 

From the results of the present study and that of 
Kramer and Decker (1944) it was concluded that 
oak seedlings have considerably greater absolute rates 
of photosynthesis than do pine seedlings. This is 
true whether photosynthesis is expressed in milli- 
grams of CO, per unit of dry weight of foliage or 
per unit of leaf area. It is also true when photo- 
synthesis is expressed per unit of total dry weight 
of the plant. Furthermore the pine seedlings tested 
had a greater percentage of their total dry weight 
in foliage than did oak seedlings. This is further 
evidence of the greater photosynthetic efficiency of 
oak seedlings. 

In a comparison of the effects of light intensity 
on photosynthesis of loblolly pine, red maple, and 
yellow poplar it was found that pine showed a con- 
sistent increase in photosynthetic rate with increase 
in light intensity up to 10,000 foot candles. Yellow 
poplar and red maple reached maximum or near- 
maximum photosynthetic efficiency at relatively low 
light intensities. The work of Kramer and Clark 
(1947) has provided an explanation for the relative 
photosynthetic inefficiency of pine at low light inten- 
sities. They found that individual, exposed pine 
needles reached a maximum of photosynthetic activity 
at 3,350 foot candles. The photosynthetic curve for 
individual pine needles resembled that of oak. They 
stated that it is possible that the difference for the 
curves of individual needles and whole seedlings 
could be attributed largely to the greater amount of 
mutual shading which occurs among pine needles than 
among the leaves of most hardwood seedlings. The 
radial arrangement of pine needles along stems results 
in their shading themselves so that in full sun some 
needles are actually exposed to light intensities much 
lower than maximum. In contrast, hardwood seed- 
lings, with a mosaic arrangement of foliage are not 
similarly affected. 

In this study it was found that: when potted oak 
and pine seedlings were grown with and without 
shading, differences occurred between species both 
in the shade and in the sun, but shading reduced 
growth of pine more than growth of oak. In both 
sun and shade, height growth, dry weight of stems, 
dry weights of roots, and total dry weight were 
greater in oak than in pine. Shoot-root ratios also 
were significantly greater in pine than in oak. The 
effects of shading on growth of pine also were highly 
significant. Pine grown in full light made more 
height growth, and had greater dry weight of foliage, 
stems, roots, and total dry weight, than did shade- 
grown pine. In addition pine grown in full light 
made more root growth in proportion to shoot growth 
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than did shade-grown pine. The differences in growth 
between pine and oak corroborate the earlier findings 
with respect to photosynthetic rates. The differences 
between pine and hardwoods in shoot-root ratios are 
of considerable interest. Tutor (1938) compared 
root growth of forest-grown 1-year-old loblolly pine 
and white oak seedlings in the vicinity of Durham, 
N. C. Blocks of soil were excavated and after soak- 
ing in water, all roots within the block were meas- 
ured. The average length of all roots for oak was 
195 centimeters while that for pine was 95 centimeters. 
Total number of roots for oak was 186 and for pine 
142. Shoot-root ratios were 3.43 for pine and 2.48 
for oak. Scholtes? compared the numbers of root 
hairs on 7-week-old, greenhouse-grown loblolly pine 
and black locust seedlings. Roots were sectioned with 
a freezing microtome and a number of sections drawn 
at random as samples for a careful count of root 
hairs. The number of root hairs, surface area of 
root hairs, and surface area of roots were obtained 
for entire root systems. Locust had over 11,500 root 
hairs or 500 hairs per square centimeter of root sur- 
face. In contrast, loblolly pine had a total of 586 
roct hairs or 217 per square centimeter. Black locust 
also had more than 14 times as much root length as 
did pine. Surface area of roots and root hairs com- 
bined was 56.3 square centimeters for locust and 5.6 
for pine. Tutor® also compared lengths of root sys- 
tems of black locust and loblolly pine seedlings that 
had been grown to the age of four months in the 
greenhouse. He found that locust had over 7,000 
roots and the total length of roots was 1,068 feet. 
Pine seedlings of the same age and grown in the 
same soil averaged 400 roots per plant and had a 
total average length of 5.7 feet. Kozlowski com- 
pared the number and length of roots of loblolly pine 
and dogwood grown from seed in boxes of soil in 
the greenhouse for one growing season. In dogwood 
the average number of roots was approximately 3,000 
while in pine the average was close to 950. The bulk 
of dogwood roots was made up of third and fourth 
order roots but sixth order roots were present. In 
pine, practically all were second and third order 
roots. Total length of roots in dogwood varied from 
168 feet to 305 feet. In pine the range was from 
7 feet to 20 feet. Coile (1940) also reported that 
white oak seedlings had a greater average total length 
of lateral roots, a greater average length of top, and 
a smaller shoot-root ratio than did seedlings of lob- 
lolly pine. Billings (1938) examined 1-year-old short- 
leaf pine seedlings taken from a 31-year-old pine 
stand and found the roots to be only 1 or 2 inches 
long with.1 or 2 very short weak laterals. He also 
reported highly developed, much branched root sys- 
tems in seedlings of red maple, dogwood, and yellow 
poplar. Duncan (1941) also found differences in 
root development of pine and hardwoods. These data 
indicate that pine has shorter roots and less absorbing 
surface than do competing hardwood species. 

1940. Unpublished data. 


1938. Unpublished data. 
1941. Unpublished data. 


2 Scholtes, W. 
8 Tutor, E. C. 
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In phytometer experiments it was found that 
growth of pine ard oak seedlings was seriously in- 
hibited by allowing soil to dry down nearly to the 
permanent wilting percentage. Transpiration of oak 
was reduced less than that of pine in the lower part 
of the range of readily available moisture. This 
probably is because the more extensive root system 
of oak results in greater absorption from dry soil. 
Transpiration of shade-grown pine was reduced more 
than that of light-grown pine in the lower part of 
the range of readily available moisture. This prob- 
ably is due to a more extensive root system and a 
greater rate of elongation of roots of light-grown 
seedlings. 

With decreasing soil moisture content the photo- 
synthetic rate of pine begins to decrease at a higher 
moisture content than the rate of oak. With decrease 
in soil moisture the effect of decreased light intensity 
on photosynthesis was much greater in pine than in 
oak. The more rapid decline of photosynthesis in 
pine can probably be explained on the basis of its 
smaller root system in proportion to the top of the 
plant. This is partially compensated for by the 
greater amount of root extension which results when 
exposed to high light intensity. 

Although shade-grown pine moved into the sun has 
a lower rate of transpiration than pine grown in full 
sun, it could not be shown that shade-grown pine had 
a significantly lesser capacity for photosynthesis when 
brought into full light. In the photosynthesis experi- 
ments there were great variations in rates between 
plants and it may be that such variation, combined 
with difficulty and error in measuring photosynthesis, 
may have obscured the results of shading. 

Glucose equivalents of reserve foods of roots, stems, 
and leaves were higher in oak than in pine. The 
total amount of reserve foods per plant was signifi- 
cantly greater in sun-grown pine than in shade-grown 
pine. As shown by Hepting (1945) pine apparently 
uses up most of its manufactured foods in current 
growth and the environmental factors exert a greater 
influence in limiting the amount of growth. Oak, 
however, stores more food and is able to use it in 
growth of the following year regardless of conditions 
for photosynthesis. 

Coile (1940) found that there is a difference in 
length of primary and lateral roots of 1-year-old lob- 
lolly pine seedlings as related to cover conditions. 
Loblolly pine seedlings develop relatively deep and 
spreading root systems in abandoned fields in which 
Andropogon is dominant. They have less well de- 
eloped roots under pine stands and even more poorly 
developed roots in oak stands. 

The reduced root growth of pine seedlings in for- 
est stands is probably a result of inadequate photo- 
synthesis. Profound effects on photosynthetic rates 
of pine are caused by less than optimum soil mois- 
ture and less than full light intensity. The physio- 
logical balance of pine is easily disturbed by decreased 
light intensity when soil moisture is adequate, or by 
drought when light is adequate. It is believed that 
at any particular time both of these factors may 
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contribute effects of similar magnitude, or either one 
may be contributing a greater effect. In a forest the 
effect of reduced light intensity is a constantly oceur- 
ring effect. There are undoubtedly considerable peri- 
ods following rains when soil moisture is not at all 
limiting, but reduced light intensity, because it exists 
continuously, is often of greater importance to plant 
growth. During periods of severe drought effects 
of reduced soil moisture may be great enough to 
bring about death of seedling by desiccation. Even 
under such extreme drought conditions the effect of 
reduced light intensity cannot be overlooked since it 
has previously so conditioned seedlings over a longer 
period of time as to render them susceptible to 
drought. With a better root system, such as would 
have been produced by growth in an optimum light 
intensity, seedlings could survive greater droughts. 
Chapman (1945) reported that loblolly pine seed- 
lings growing in full sun were found to be much 
more resistant to drought than those growing in 
shade. 

It appears difficult, in view of the great reaction 
of pine to both light and water, to stress the over-all 
importance of one while minimizing the other. It 
seems likely that, in the forest, ultimate failure of 
pine seedlings is caused by strong effects of both and 
not by one factor independently. At any time, that 
factor present in relative minimum, can become lim- 
iting but it seems likely that there is a shift from 
one to the other. The significance of one factor can 
be emphasized by such experiments as_ trenching. 
When growth of pine is precluded by the total, com- 
bined effect of reduced soil moisture and inadequate 
light intensity, the bringing of moisture to a more 
nearly optimum state will result in an over-all im- 
proved environment for growth of pine. Shirley 
(1945) found that within any quadrat, treatment 
correlation between growth and soil moisture was 
masked by that due to light. It was only when height 
and dry weight of plants on trenched quadrats were 
compared with these of plants on untrenched quad- 
rats of the same plot that the effects of increased 
soil moisture on growth became evident. Root com- 
petition on trenched quadrats was least in very low 
light and greatest in high light. This caused a cor- 
responding decrease in available moisture during dry 
periods but did not prevent dry weight from increas- 
ing with light intensity. An optimum light intensity 
will result in increased photosynthesis, subsequent in- 
crease of root growth, and a greater availability of 
soil moisture due to root extension. The work of 
Oosting and Kramer (1946) indicated that establish- 
ment of pine seedlings along forest margins was 
made possible by the increase of light intensity over 
that available to seedlings within the forest. They 
showed that available soil moisture at margins of 
stands was not significantly different from, or pos- 
sibly was even lower than, that in the interior. This 
indicates that survival of pine within a closed forest 
stand may be unlikely, even during years of higher 
than average rainfall. 

There are instances in 


the literature which in- 
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dicate that one of the two factors was far more 
important in a particular environmental complex. 
Olmsted (1941) reported, for instance, that in an oak- 
maple forest in Wisconsin, populations of herbaceous 
plants and survival and growth of maple seedlings, 
even during the drought year of 1936, showed no 
significant relation to root competition, but the lim- 
iting effect of low light intensity was clearly evident. 
Shirley (1945) as a result of one of his studies in 
the forests of the Lake States stated that “root com- 
petition tends to reduce growth irrespective of light 
intensity, but where light is below the optimum, re- 
moval of root competition can in no way compensate 
for inadequate light.” Daubenmire (1930) attempted 
to correlate differences between hemlock and _ beech- 
maple forest types in evaporation, light intensity, 
soil moisture, and soil acidity with forest floor herbs. 
Light intensity, as measured by difference in evapora- 
tion between black and white atmometers, was equal, 
quantitatively at least, in effect on water loss in the 
two associations. Soil moisture studies showed a lack 
of available water in the hemlock soil but water was 
plentiful in beech-maple. He concluded that soil 
moisture conditions exerted the greatest inhibitive in- 
fluence on vegetational development under hemlock, 
while the greater acidity of the surface soil in the 
hemlock is probably a contributing factor in the in- 
hibition of forest floor herbs. Holch (1931) reported 
that total depth and extent of roots depend on the 
environment under which the seedlings develop. If 
the environment was unfavorable, especially with re- 
gard to light, root systems of species that he worked 
with were miniatures of those developed under favor- 
able conditions. Greatest growth was obtained in an 
open prairie habitat where soil moisture was least 
and transpiration greatest. Conversely the least 
growth was obtained in the dense shade of a linden 
forest where the water content of the soil was 
greatest and where transpiration was reduced to a 
minimum. Holch concluded that a factor that is un- 
important during most of the growing season may 
be of primary importance at some particular time. 

Toumey and Kienholz (1931) as a result of trench- 
ing experiments reported that the great differences 
in abundance, size, and vigor of the vegetation of 
trenched and untrenched plots appeared to be due 
chiefly to increased moisture content in the trenched 
plot arising from the lack of root competition with 
surrounding pines. They also suggested the impor- 
tance of the interacting effect when they stated that 
hemlock grew better in the trenched plot than did 
white pine, probably due to soil moisture and light 
conditions being more favorable for the growth of 
the former. Pearson (1929) eriticized the trenching 
experiments of Fricke and Toumey and questioned 
whether such species as white pine would show nor- 
mal development after approximately ten years. Lutz 
(1945) reported that 8 years after trenching the rate 
of height growth of pine in Toumey’s trenched plot 
was on the decline. This decline had been explained 
by Toumey and Kienholz on the basis of increased 
root competition among the pines. Lutz (1945) re- 
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examined the plots in 1943 and found all the pine 
were dead but hemlock had increased in numbers and 
size. He concluded that light intensity was the lim- 
iting factor in the growth of pine while it was not 
unfavorable for the shade-tolerant hemlock. Lutz 
further stated that if moisture supply was too low 
for growth of pine it was difficult to believe that it 
was sufficient for hemlock. 

A further insight into the effect of both light and 
soil moisture may be acquired from an interpretation 
of Table 24 from Coile (1940). Coile has shown 
that there is a significant effect of age of cover on 
primary root length and on total length of lateral 
roots of loblolly pine. Mean shoot-root ratios of 
seedlings under the various classes of cover were eal- 
culated from his data. The ratios were 4.77 in 
broomsedge field, 3.09 in 20-year-old pine, 3.31 in 
40-year-old pine, 4.21 in 70-year-old pine, and 4.96 
in uneven-aged hardwood forest. The large decrease 
in the transition from broomsedge field to 20-year-old 
loblolly pine, if it is statistically significant, indicates 
a strong effect of drought. Shoot-root ratios increase 
through the various stages of loblolly pine cover, 
however, and in the oak forest the ratio is larger 
than in broomsedge field. Increase in _ shoot-root 
ratio would normally be expected as an effect of 
shading alone. In contrast a decrease in soil mois- 
ture causes a decrease in shoot-root ratio according 
to Meyer and Anderson (1939) and others. 

That there is a strong effect exerted by both fac- 
tors was further observed by Pearson (1929) who 
found that in the western yellow pine type, on the 
Colorado Plateau, openings between groups of trees 
became well stocked with seedlings. The fact that 
reproduction usually became established closer to the 
trees on the south than on the north side suggested 
the importance of the added effect of increased light. 
Since on the south side the blank spaces usually ex- 
tended several feet outside the crowns Pearson con- 
cluded that root competition was also a very important 
factor. 

The writer believes that, in evaluating factors in 
competition, emphasis should be placed on hereditary 
limitations imposed on the species involved, especially 
with regard to shoot and root development. Appar- 
ently pine and competing hardwood seedlings differ 
with respect to rates of certain processes, as photo- 
synthesis, because of hereditary differences. Differ- 
ences in these affect shoot-root balances 
differently. This may in turn further increase the 
differences in a particular process, as photosynthesis, 
by directly influencing other related processes such 
as capacity for absorption of water. A complex of 
environmental factors is recognized with great weight 
attached to light and soil moisture. Under natural 
conditions the effects are not separable but are inter- 
acting and interdependent. There exists a shifting 
and an interplay between these, especially as con- 
trolled by degree of overhead shade and by departures 
from the mean of precipitation. A critical threshold 
condition of low photosynthetic activity exists below 
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this condition normally is a function of the combined 
effect of decreased soil moisture and decreased light 
intensity. Other factors, such as sprouting ability 
of hardwoods when they are killed back, also con- 
tribute to the failure of pine in achieving dominance. 
The ultimate failure of pine in a particular area can 
be hastened by a severe drought. The duration effect 
of decreased light is then exceedingly difficult to com- 
pare with the more sudden effect of drought. When 
both light intensity and soil moisture are operative 
as limiting factors in their combined interaction, a 
sudden marked improvement in one of the factors 
can so alter the hitherto limiting effect of the inter- 
action as to render possible the survival of pine. The 
weight of each factor at any instant depends pri- 
marily on physiological tolerances of species involved 
and fluctuations in physical factors of the environ- 
ment. 


SUMMARY 


1. Effects of light intensity and soil moisture on 
photosynthesis, transpiration, and growth of pine 
and hardwood seedlings were studied. 

Oak seedlings had higher absolute rates of photo- 

synthesis than did pine seedlings at all higher 

light intensities. This was true whether photosyn- 
thesis was expressed in milligrams of CO. per 
unit of dry weight of foliage, per unit of leaf 
area, or per unit of total dry weight of the plant. 

3. In a comparison of the effect of light intensity 
on photosynthesis of loblolly pine, red maple, and 
yellow poplar, it was found that pine showed a 
consistent increase in photosynthetic rate with in- 
crease in light intensity up to the equivalent of 
full sun. Yellow poplar and red maple reached 
maximum or near maximum photosynthetic rates 
at relatively low light intensities. 

4. When potted oak and pine seedlings were grown 
with and without shading, differences occurred 
between species both in the shade and in the sun, 
but growth of pine was reduced more by shading 
than growth of oak. In both sun and shade, height 
growth, dry weight of stems, dry weight of roots, 
and total dry weight were greater in oak than 
in pine. Shoot-root ratios were significantly 
greater in pine than in oak. Pine grown in full 
light made more height growth, and had greater 
dry weight of foliage, stems, roots, and total dry 
weight, than did shade-grown pine. Pine grown 
in full light made more root growth in proportion 
to shoot growth than did shade-grown pine. 


to 


5. In phytometer experiments growth of pine and 
oak seedlings was seriously inhibited by allowing 
soil to dry down nearly to the permanent wilting 
percentage before rewatering to field capacity. 
Oak was shown to have a greater capacity than 
pine for absorption of water, when soil moisture 
is lower than field capacity. This difference is 
attributed to the larger and more rapidly growing 


root systems of oak seedlings. Pine growing in 
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high light intensity had a greater capacity for 
absorption of water than did pine growing in 
deep shade. The difference was ascribed to 
greater root extension of pine growing in high 
light intensities. 
6. With decreasing soil moisture content the photo- 
synthetic rate of pine begins to decrease at a 
higher moisture content than the rate of oak. 
With decrease in soil moisture the effect of de- 
creased light intensity on photosynthesis was much 
greater than in pine than in oak. This difference 
can probably be explained on the basis of the 
smaller root system in pine in proportion to the 
top of the plant. 
Shade-grown pine moved into the sun has a lower 
rate of transpiration when conditions are condu- 
cive to high rates, than does pine grown in full 
sun. This suggests that shade-grown pine might 
also have a lower photosynthetic rate than sun- 
grown pine when both are moved into full sun. 


“I 


8. Glucose equivalents of reserve foods per gram of 

dry weight of roots, stems, and leaves were higher 
in oak than in pine at the end of the growing 
season. The total amount of reserve food per 
plant was greater in sun-grown pine than in shade- 
grown pine. 
The conclusion is reached that in evaluating fae- 
tors in competition emphasis should be placed on 
hereditary limitations imposed on the species in- 
volved, especially with regard to shoot and root 
development. Pine and hardwoods differ with 
respect to rates of certain processes, as photosyn- 
thesis, because of hereditary differences, and dif- 
ferences in these processes produce differences in 
root development which in turn may further in- 
crease the differences in processes. A complex of 
environmental factors in competition is recog- 
nized, with great weight attached to light and 
soil moisture. Under natural conditions the effects 
are interacting and interdependent. A critical 
threshold condition of low photosynthesis exists 
below which pine cannot maintain itself. In the 
Piedmont this condition normally is a function of 
the combined effect of decreased soil moisture and 
decreased light intensity under forest stands. 
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ANNUAL LIMNOLOGICAL CYCLES IN SOME 


COLORADO 


RESERVOIR LAKES 


INTRODUCTION 


Although limnological literature contains detailed 
accounts of the chemistry, physics, and biology of 
literally hundreds of lakes, the great majority of 
these investigations are concerned only with conditions 
during the summer months when field work is not 
handicapped by cold weather. As a consequence, 
our over-all concept of year-round ecological condi- 
tions in lakes is quite incomplete and based on a sur- 
prisingly small amount of information. Some of the 
few important publications containing adequate au- 
tumn, winter, and spring plankton estimates and 
corresponding physical and chemical measurements 
are those of Chandler (1940, 1942, 1944), Chandler 
and Weeks (1945), Birge and Juday (1922), Linde- 
man (1941), Nygaard (1938), Ruttner (1929), Schef- 
fer and Robinson (1939), and Seott (1927). 

The present investigation was undertaken in an 
attempt to contribute further to our inadequate knowl- 
edge of limnological interrelationships as they exist 
throughout the entire year. Seven small to medium- 
sized widely differing lakes in northern Colorado were 
selected for study. Field work extended from April 
14, 1940, to October 11, 1942, but certain laboratory 
phases of the work were not completed until 1946. 
Regular observations included transparency, and ver- 
tical series of temperature, free and bound carbon 
dioxide, pH, dissolved oxygen, zooplankton, phy- 
toplankton, total particulate organic matter 
(seston). 


and 


This investigation was not undertaken with an idea 
of attempting to demonstrate the existence of delicate 
nutrient requirement thresholds for the various plank- 
ton organisms. It was not undertaken in order to 
demonstrate obscure and complex interrelationships 
between limnological conditions and the waxing and 
waning of individual plankton species. Neither was 
it undertaken in order to promulgate any special 
theories of plankton population phenomena. These 
problems are now being investigated by numerous 
hydrobiologists many of whom have come to realize 
that the solution of such problems will ultimately 
depend on controlled laboratory experiments. 

Instead, this study had as its major points of 
emphasis the year-round chemical and physical con- 
ditions in seven widely differing lakes as related to 
the gross quantitative and qualitative phytoplankton 
and zooplankton cycles and the comparative mean 
annual standing crop of plankton. 


DESCRIPTION OF LAKES STUDIED 


All of the lakes studied lie within a radius of 15 
miles of the University of Colorado campus in Boul- 
der. According to the limnological classification of 
the writer (Pennak 1941), six are in the plains zone 
and one is in the foothills. 

Although five of the bodies of water are locally 
called “lakes,” they are all artificial reservoirs formed 
by the construction of earthen and stone dikes along 
one or two sides of a natural dry depression. Their 
chief water supply is obtained through ditches orig- 
inating from streams at higher elevations. The inflow 
and outflow of Kossler Lake, a foothills lake (Fig. 
1), are rather constant and high, but the water level 
does not fluctuate more than 0.2 meter during the 
year. The outflow is run through an enclosed aque- 
duct and is used to drive turbines at a power plant in 
Boulder Canyon several kilometers north and 560 
meters below the lake level. Kossler Lake is the only 
one of the seven formed later than the year 1900. 





Inlet at left cen- 


Fie. 1. Kossler Lake, looking west. 
ter, about 250 meters from camera. 


The waters of Boulder Lake are used for cooling the 
condensers of a steam power plant on the shores of 
the lake (Fig. 2); there is no regular outlet, and 
water is occasionally run into the iake to compensate 
for seepage and evaporation; thus there are only 
slight fluctuations in the level. The waters of the 
other five reservoir lakes (Figs. 3 to 7) are utilized 
at irregular intervals, especially during the summer, 
for irrigating nearby farm lands. The level of Gay- 
nor Lake does not fluctuate more than 0.5 meter dur- 
ing the year, but Hayden’s, Allens, Baseline, and 
Beasley lakes usually vary as much as 2 or 3 meters. 
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Fig. 2. Boulder Lake, looking northwest. Steam PR yg Allens Lake, looking east from slope of first 


driven electric power plant on far shore; yucca and 
some snow in foreground. 





Fic. 6. Baseline Reservoir, looking southwest. Far 
shore about 1100 meters from camera. 





Fie. 3. Gaynor Lake, with ice cover. 





Fic. 7. Beasley Reservoir at low water, looking north- 


7 
Fic. 4. Hayden’s Lake, looking west. Far shore about West. Photograph taken from dike along east shore. 


350 meters from camera. 
there are local rains during critical times of crop 


Sometimes, when local and mountain rainfall are be- development, there is relatively little fluctuation in 


low normal, the water supply in certain other reser- the levels. 

so extensively that the basins Hydrographic maps and complete morphometric 
data based on maximum capacities have been pre- 
sented for all of the lakes (Pennak 1945), but some 
of the more significant characteristics are indicated 


voirs may be utilized 
may come to contain less than 20 percent of their 
capacities, but in years of normal or heavy precipita- 
tion in the mountains to the west and especially when 
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in Table 1. As shown by these measurements, all 
of the lakes are shallow and small to medium-sized, 
the surface areas ranging from 4.92 to 42.79 hectares 
and mean depths from 1.6 to 6.5 meters. The basins 
are quite regular and each consists of a single main 
depression. Shore development is low, the range 
being 1.12 for Gaynor Lake to 1.37 for Beasley 
Reservoir. 


TABLE 1. Chief hydrographic and morphometric fea- 
tures of seven northern Colorado lakes. 


| 


Lake | Altitude, Length, Width, 





Volume 


1 ; 
| Maxi- | 
Mean | at high 


| 
| } mum | 











Area, | depth, | depth, | water, cu- 

meters | meters | meters hectares} meters | meters {bic meters 

ee RS sisi staal onsen Caan aes 
Allens L.. 1708 | 600 | 290 | 12.42/ 12.4 | 6.5 | 808,500 
Baseline Res.....) 1600 | 1000 | 600 | 42.70| 7.6 | 4.2 |1,777,700 
Beasley Res... . 1580 1000 | 520 | 32.24 | 5.2 | 1.6 | 530,960 
Boulder L.......| 1595 | 1140 | 540 | 41.81) 7.3 | 3.7 |1,591,370 
Gaynor L.. . 1520 | 610 | 426 | 19.00) 3.1 | 1.8 | 351,160 
Hayden's L......| 1600 | 580 | 350 14.86 | 6.6 | 3.6 | 541,100 
Kossler L... .. #.98 | 6.8 | 3.7 180,100 


2372 | 300 | 220 


The original basins consisted of gravel, rocks, and 
thin soil, but these materials have been covered with 
deposits composed chiefly of gray or brown silt of 
high ash content which has settled out after being 
brought in by the supply ditches or eroded from the 
shores. 

During the summer months Allens Lake has a small 
bed of Polygonum at the north end; Boulder Lake 
has a small bed of Potamogeton at the west end; Beas- 
ley Reservoir has a moderate growth of Chara over 
most of the bottom where the water is between 1 and 
3 meters deep; Hayden’s Lake has a similar zone of 
Chara as well as scattered beds of Potamogeton; 
Baseline, Gaynor, and Kossler lakes, however, con- 
tain no rooted aquatic plants. Undoubtedly fluctu- 
ations in water levels, periodic silting, and high winds 
in spring and autumn discourage the establishment of 
vegetation in the first two of these lakes. The level 
of Kossler Lake is constant, however, and it is be- 
lived that this low production lake was formed too 
recently to have developed a substrate which would 
permit the establishment of rooted aquatics. 

Kossler Lake has a few ponderosa pines scattered 
along the shoreline, but all of the other lakes are 
surrounded by cultivated fields and prairie grasses 
and forbs. 


METHODS AND MATERIALS 


Each lake was visited about once a month for a 
year, and Table 2 shows the specific period of field 
work for each of the lakes. All measurements and 
vertical series of samples were taken from a pneu- 
matie boat at a single station in the deepest part of 
the lake. Because of the danger of fouling the 
apparatus, the lowermost samples were usually taken 
about 25 em. above the water-mud interface. 

A Secchi dise reading was taken during each visit, 
and vertical series of temperatures were taken from 
surface to bottom at intervals of two meters or less. 
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Verticai series of water samples for phytoplankton, 
dissolved oxygen, and free and bound carbon dioxide 
determinations were taken with a two-liter Kemmerer 
water bottle. Water for dissolved oxygen analysis 
was run from the sampler into glass-stoppered bot- 
tles, using the customary precautions, but the water 
for the other determinations was transported to the 
laboratory in gallon jugs. 

Series of samples for zooplankton counts were 
taken with a ten-liter closing brass plankton trap 
supplied with a number 25 bolting silk net and 
strainer bucket. The average diameter of the aper- 
tures of such silk, when new, is 54 microns, and con- 
sequently only the smallest zooplankters are capable 
of passing through, especially after continued use. 
Concentrated trap samples were stored in six-draim 
vials of 85 percent alcohol. 


TABLE 2. Period of time covered by field work on 
seven Colorado reservoir lakes. 





Lake | Period of Field Work 


April 14, 1940, to May 3, 1941 

October 7, 1941, to October 11, 1942 
October 18, 1941, to September 12, 1942 
April 19, 1940, to May 17, 1941 

May 4, 1940. to May 10, 1941 

October 25, 1941, to September 26, 1942 
April 27, 1940, to May 26, 1941 





Allens Lake 
Baseline Reservoir 
Beasley Reservoir. 
Boulder Lake.... 
Gaynor Lake. 
Hayden’s Lake 
Kossler Lake. . . 





Hydrogen ion concentration readings were made 
with bromthymol blue, phenol red, and thymol blue, 
using permanent Hellige colored dise comparators. 
Such determinations are generally considered to have 
an error of +0.1 of a pH unit, but this is not pro- 
hibitive for general limnological work. 

Carbon dioxide results were obtained by titrating 
100 ce. water samples with N/44 Na,gCO., and N/44 
HCl, using phenolphthalein and methyl orange as in- 
dicators. In spite of minor errors, these methods 
are sufficiently accurate for limnological purposes. 
The use of the terms “bound,” “half-bound,” and 
“free” carbon dioxide corresponds to the terminology 
elaborated by Juday, Birge, and Meloche (1935). 
Bound carbon dioxide is that CO, which converts 
CaO to CaCOz, and half-bound carbon dioxide is 
that which converts CaCO, into Ca(HCO.,)5. Waters 
giving a neutral or acid reaction to phenolphthalein 
contain free carbon dioxide in solution, and the 
quantity of half-bound is then roughly equal to the 
quantity of bound carbon dioxide present. Waters 
giving an alkaline reaction to phenolphthalein con- 
tain no free carbon dioxide but do contain normal 
or monocarbonates, the amount being determined by 
titration with acid until the pink color disappears. 
The amount of acid used is preceded by a minus sign 
and indicates the amount of free carbon dioxide 
which would be necessary to convert all of the mono- 
carbonate to bicarbonate. It also represents the 
amount of half-bound carbon dioxide utilized in pho- 
tosynthesis. 
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The unmodified Winkler method or the Rideal- 
Stewart modification were used for dissolved oxygen 
determinations in accordance with the procedures 
given in the ninth edition of Standard Methods for 
the Examination of Water and Sewage (1946). All 
results were converted to percent saturation for the 
normal air pressure at the altitude of each lake, using 
the following formula: 

p.p.m. determined x 760 





% saturation = - : 

solubility at 760 mm. x 
air pressure at ob- 
served temp. 

Values for “solubility at 760 mm. air pressure at 

observed temp.” were those of Fox, as calculated by 

Whipple and Whipple, and recommended by Ricker 

(1934). 

Zooplankton organisms were identified to species 
and counted in a Sedgwick-Rafter counting chamber, 
using the lower powers of a compound microscope 
and a mechanical stage. The entire catch from a 
ten-liter water sample was usually made up to a 
volume of 10 or 20 ce. and an aliquot fraction 
counted. The size of the fraction varied, depending 
on the abundance of organisms, but it was usually 
one-eighth to one-half of the entire sample. 

Phytoplankton organisms were concentrated by 
running a 500 cc. water sample through a Foerst 
centrifuge. When properly used, and especially 
when the water is not run through too rapidly, this 
apparatus removes all but a negligible number of 
phytoplankton cells from the water. Concentrated 
samples were stored in four-dram vials in 10 percent 
formalin. 

Because of great differences in cell size among the 
various genera and because some forms are colonial 
and others solitary, the enumeration of phytoplankton 
and protozoa presents difficulties. Some investigators 
have lumped colonies and cells together, giving each 
the same numerical significance, regardless of the 
size of the colonies. Some have calculated the aggre- 
gate volume of all cells encountered. Others have 
designated phytoplankton “units” by which an arbi- 
trary number of solitary cells and a certain number 
of cells in a filament or mass are given the same 
value. A few workers have reduced all data to cells 
per liter, and while this method involves laborious 
counting, especially for dense populations, it is per- 
haps the most natural and appropriate one from the 
standpoint of plankton production and the basic role 
of the single cell as a physiological and reproductive 
unit. Furthermore, it is a method which is readily 
understood by the general reader. To be sure, the 
method does not obviate the difficulty involved in the 
wide range of cell size among phytoplankters. In 
the present paper, however, the various taxonomic 
categories, i.e., Myxophyceae, Bacillarieae, Chloro- 
phyceae, and Protozoa are tabulated and discussed 
separately, and it must be conceded that the cells of 
most of the common plankton species within each of 
these groups are of the same general size magnitude. 
The use of the term “Protozoa” is simply a matter 


mm. air 
observed 


pressure at 
altitude 
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of ecological convenience by which the comparatively 
small numbers of motile phytoplankters are grouped 
together with ciliates and amoeboid protozoa. The 
motile phytoplankters include a few flagella-bearing 
Chlorophyceae, Euglenophyceae, Chrysophyceae, and 
Dinophyceae. 

Quantitative determinations of the particulate or- 
ganic matter (also called centrifuge plankton, or 
seston) were obtained by centrifuging one-liter water 
samples in a Foerst centrifuge. The centrifugates 
(composed of the particulate matter concentrated in 
about 3.5 cc. of water) were first dried over night 
at 60° C. in tared 10 ce. porcelain crucibles. After 
being allowed to cool in a desiccator, they were 
weighed to 0.01 mg. and then placed in a muffle fur- 
nace at 700° for 20 minutes. After being cooled in a 
desiccator, the crucibles and their contents were re- 
weighed. Each sample was corrected for volatile 
salts and dissolved organic matter present in the 
water accompanying the particulate portion of the 
centrifugate by using a 10 cc. blank water sample. 

The loss on ignition from such determinations 
represents the total particulate organic matter pres- 
ent in the water. It includes living and dead phyto- 
plankton, zooplankton, bacteria, and the long series 
of heterogeneous detritus particles down to colloidal 
size. The bowl of the ordinary Foerst plankton cen- 
trifuge revolves at a speed of about 15,000 revolu- 
tions per minute and develops an acceleration of 
6,288 times that of gravity at the periphery of the 
bowl. When a liter sample is run through in six 
minutes, the centrifuge removes all but a negligible 
portion of the smaller phytoplankton cells, but it 
does not retain some of the bacteria and a large 
fraction of the suspended colloidal particles. When 
the writer was a graduate student at the University 
of Wisconsin in 1936 he carried out some experi- 
mental work with a larger machine under the direc- 
tion of E. A. Birge and C. Juday. This centrifuge 
had a larger belt-driven bowl and developed greater 
speeds than the standard Foerst machine; it pro- 
duced an acceleration of about 63,800 times that of 
gravity and removed an average of about 25 percent 
more particulate organic matter from the water than 
the smaller standard Foerst centrifuge. Observations 
indicated that it removed all but a negligible portion 
of the particulate matter. Therefore, in order to 
give greater significance to the data obtained in the 
present investigation, and to establish the total pro- 
duction of particulate organic matter more accurately, 
the correction factor of 25 percent has been added. 
The foregoing facts, heretofore unpublished, are pre- 
sented with the kind permission of E. A. Birge. 

Color of tthe lake waters was occasionally deter- 
mined with fresh platinum-cobalt standards as ree- 
ommended in Standard Methods. 

Total residues were also occasionally determined by 
evaporating two to four liters to dryness at about 
60° C. Total organic matter and ash were deter- 
mined by ignition. Specific procedures and necessary 
correction factors are discussed by Pennak (1945a). 
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RESULTS AND DISCUSSION 
PuysicaL ConpITIONns 
TEMPERATURES 

Vertical series of temperature readings throughout 
the year are indicated for all seven lakes in Figs. 8 
and 9. The deepest readings were always taken 25 
or 30 em. from the bottom, and the differences in the 
lengths of the curves reflect seasonal variations in 
the depth of the water at the sampling stations. 
Since all of the lakes are quite shallow, it is to be 
expected that temperature conditions, and especially 
the rate of heating in the spring and cooling in the 
autumn, vary from year to year. The results dis- 
cussed below, however, are believed to constitute nor- 
mal annual cycles. 

Using “thermocline” in its original sense, i.e., that 
portion of the lake where the temperature drops 
1.0° C. or more per meter, it is seen that the most 
typical and persistent thermocline, hypolimnion, and 
epilimnion were formed in Allens Lake, the deepest 
body of water studied. The thermocline first 
detected on May 3 and it lasted until September 17. 
The most pronounced stratification was found on 
July 17 when the reading was 21.7° at 4 meters and 
14.9° at 6 meters. The surface attained a maximum 
temperature of 24.2° on July 17, but the bottom 
temperatures lagged ahout 10° behind and reached a 
maximum of 14.2° on September 17. Although the 
temperatures on January 7, February 4, and March 
21 are all shown as a single homothermous curve in 
Fig. 8, there were slight differences in the three series. 
The surface and bottom readings were 4.4 and 4.4, 
4.6 and 4.5, and 4.4 and 4.3° for the three dates, 
respectively. There was no apparent inverse winter 
stratification from 0.0 to 4.0° which is usually char- 
acteristic of temperate lakes of comparable depth. 

Baseline Reservoir exhibited a thermocline between 
May 24 and August 1. By the latter date, however, 
the hypolimnion had disappeared as the result of the 
depression of the thermocline. The maximum sur- 
face and bottom temperatures attained were 24.2 and 
17.4°, respectively, on August 1. Winter conditions 
were similar to those in Allens Lake, the water being 
homothermous at about 4.0° on January 12. 

The annual cycle of temperature conditions in 
Hayden’s Lake was very similar to that in Baseline 
Reservoir. A thermocline was found only on June 
14 and July 19. On the latter date the surface and 
bottom temperatures were 25.0 and 19.5°, respectively. 
During the greater part of the year differences be- 
tween surface and bottom readings were usually less 
than 1.0°. 

In spite of the fact that it was less than 5.0 meters 
deep, Beasley Reservoir (Fig. 9) showed a well de- 
fined summer stratification, with a thermocline being 
present from April 22 to August 15. By July 12 
the hypolimnion had disappeared. The greatest dif- 
ference between surface and bottom readings was 
4.9° on both April 22 and June 2. Winter temper- 
atures did not go below 4.0°. 

The most surprising temperature conditions were 
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found in Gaynor Lake. Although the depth was 
only about 3.0 meters, temporary stratification was 
evident throughout much of the year. The usual 
summer thermal regions were not developed, how- 
ever, and a pronounced drop in temperature occurred 
in the top meter of water. The greatest difference 
between surface and bottom readings was 4.9° on 
June 6. Slight inverse stratification occurred in Jan- 
uary and February. 

The intake and outlet channels of the power plant 
on the shore of Boulder Lake create currents which 
prevent all but a small amount of seasonal stratifica- 
tion. The greatest difference between surface and 
bottom temperatures was 5.8° on July 24. The fact 
that the surface reached a minimum winter temper- 
ature of 14.0° and a maximum summer temperature 
of 32.6° is, of course, a reflection of the heating 
which occurs as some of the water passes through 
the condensers of the power plant. 

Although Kossler Lake has a large inlet and outlet, 
there were never any detectable currents in the mid- 
dle of the lake. Nevertheless, the lake remained 
essentially homothermous throughout the year. The 
greatest difference between surface and bottom tem- 
peratures was only 2.3° on July 30. The minimum 
winter temperature was 1.0° at all depths. From 
April to October the surface waters of the lake had 
higher temperatures than the inlet stream. The 
maximum difference was 3.4° on July 30, and min- 
imal differences of less than 1.0° occurred in April 
and October. From November to March the inlet and 
lake temperatures were essentially similar, the latter 
usually being a few tenths of a degree colder than 
the former. 

From the standpoint of depth and the general 
nature of the annual temperature cycles (Whipple 
1927), Gaynor and Kossler lakes should probably be 
classified as temperate lakes of the third order be- 
cause of their shallowness, lack of well defined ther- 
mal regions, and winter temperatures below 4.0°. 
Because of pronounced summer stratification and 
winter temperatures above 4.0°, Allens Lake is per- 
haps best classified as a tropical lake of the second 
order. Baseline, Hayden’s, Beasley, and Boulder 
lakes, on the other hand, may be termed tropical 
lakes of the third order because of their poor strati- 
fication and winter temperatures of 4.0° or above. 
Using the criteria of Yoshimura (1938), all seven of 
the lakes are mesotrophic to eutrophic and in the 
third order. 

With the exception of Boulder Lake, all of the 
lakes had ice covers ranging from 12 to 25 em. in 
maximum thickness. Because of its higher altitude, 
Kossler Lake had the longest complete ice cover; the 
lake became entirely frozen over on about November 
15, and the ice disappeared on about March 20. Of 
the plains lakes, Baseline Reservoir had the longest 
complete ice cover; it lasted from about December 
20 to March 15. At the other extreme, a complete 
cover was present on Allens Lake only from January 
10 to February 20. 

Since winter temperatures were taken through ice, 
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further explanation. 


it is difficult to give a satisfactory explanation of the 
fact that most winter surface water temperatures 
were in the neighborhood of 4.0° rather than 0.0°. 
Undoubtedly, in an undisturbed condition the water in 
direct contact with the ice, as well as the few centime- 
ters of water immediately beneath the ice-water inter- 
face, must be close to 0.0°, regardless of the fact that 
the water below this thin layer may have a tempera- 
ture of 4.0°. It seems highly probable, therefore, 
that this microstratification was destroyed by the tur- 
bulence set up when holes were chopped through the 
ice for taking samples. 

During the spring and autumn months the plains 


region at the base of the foothills is subjected to 
trequent chinook winds of high velocity (often up 
to 50 miles per hour). These air masses come from 
the mountains immediately to the west and are 
usually warmer than the surface waters of plains 
lakes in the spring and colder in the autumn. Aside 
from their direct warming or cooling effects on the 
surface waters, however, it is likely that these high 
winds are of great significance in mixing the waters 
and creating or maintaining conditions of homo- 
thermy for longer periods than would otherwise be 
the case in these lakes. 

Neither the quantities of water run in nor drawn 
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off from the lakes nor their temperatures were deter- 
mined, and consequently the necessary correction fac- 
tors and heat budgets could not be calculated. 


DEPTH VARIATIONS 


As noted in a foregoing section, the waters of 
Boulder and Kossler lakes are not used for irriga- 
tion, and their levels remain practically constant 
throughout tue year. The level of Gaynor Lake also 
remains essentially the same because water is usually 
run in at the same time that it is drawn off. The 
levels of the other four lakes, however, vary with 
irrigation needs. Typical changes in level are indi- 
cated by the variations in the vertical extent of the 
eurves in Figs. 8 and 9. The basins were filled to 
eapacity in the spring, but in the late summer and 
early autumn the levels fell as water was drawn off 
through the head gates. Beginning late in the follow- 
ing winter or early in the spring, water was run in 
from the supply ditches and the lakes soon reached 
capacity levels again. 

The variations in water level shown in these fig- 
ures are typical of years of average rainfall and 
average water supplies via ditches bringing in stream 
water from higher elevations. The maximum depths 
of Beasley, Hayden’s, Baseline, and Allens lakes 
ranged from 3.7 to 5.2, 3.4 to 6.6, 5.2 to 7.6, and 7.8 
to 12.4 meters, respectively, during the periods of 
field work. 


COLOR 


Occasional color determinations were made on sur- 
face water samples which had been centrifuged; this 
procedure ruled out errors introduced by suspended 
silt, organic debris, and plankton. The waters were 
comparatively colorless, and the great majority of 
readings were below 10 on the paltinum-cobalt scale. 
One reading at Gaynor Lake, however, was 30, while 
another at Hayden’s Lake was 25. 


TRANSPARENCY 
As shown by Fig. 10, all of the lakes had low 
transparencics, and since the true color for these 
waters was low, transparencies were mostly deter- 
mined by the relative quantities of suspended par- 
ticulate matter, both living and dead. 

Gaynor and Boulder lakes had a consistently low 
transparency with little variation during the year. 
The Secchi dise readings for the former ranged from 
0.4 to 0.9 meter and from 0.7 to 1.5 meters for the 
latter. As will be shown in a following section, this 
condition was caused chiefly by large crops of phyto- 
plankton and zoopiankton throughout the year. Vari- 
ations in the disc readings were more pronounced 
and irregular in all of the other five lakes, the great- 
est annual range among these, 1.1 to 3.9 meters, being 
found at Hayden’s Lake, and the least, 0.7 to 2.3 
meters, at Allens Lake. 

Looking at all seven curves in Fig. 10 as a group, 
however, it can be seen that the waters were com- 
paratively clear during June, July, and August. But 
March, April, May, September, October, and Novem- 
ber were months of lower transparencies. When 
quantities of silty water were run into the lakes in 
the spring, especially when the lakes were homo- 
thermous, the transparencies decreased markedly. 
This was particularly true at Beasley Reservoir in 
March and April, and at Kossler Lake in April. The 
low transparencies in the autumn, on the other hand, 
were usually caused by large crops of plankton, al- 
though on a few occasions high winds served to 
decrease transparencies because of the fact that they 
stirred up silt which circulated into deeper water. 

Considering the heterogeneity of these lakes, mean 
annual Secchi dise readings extended over an un- 
usually narrow range, from a minimum of 0.6 for 
Gaynor Lake to a maximum of 2.8 meters for Hay- 
den’s Lake. 
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Fig. 10. Annual cycle of Secchi dise readings in seven northern Colorado lakes. G, Gaynor Lake; BO, Boulder 
Lake; A, Allens Lake; K, Kossler Lake; BA, Baseline Reservoir; BE, Beasley Reservoir; H, Hayden’s Lake. 
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CHEMICAL CONDITIONS 
DISSOLVED OXYGEN 

As shown in Fig. 11, the annual cycle of dissolved 
oxygen was somewhat similar in Boulder, Hayden’s, 
Beasley, and Baseline lakes. These bodies of water 
showed very little stratification between November 
and February; the smallest quantities of dissolved 
oxygen found were 94 percent saturation at the 
surface and 77 percent at the bottom, and the largest 
quantities were 125 percent saturation at the top and 
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121 percent at the bottom. Owing to the shallowness 
of these lakes, the oxygen content did not fall mark- 
edly during the period of ice cover, when photo- 
synthesis occurred at all depths. The production of 
by photosynthesis was undoubtedly further 
facilitated because of the fact that snow covers on 
the ice were light and intermittent. This is in con- 
trast to the situation in shallow lakes of more north- 
ern and eastern states where a heavy and persistent 
snow cover may inhibit photosynthesis for long peri- 
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ods and result in low oxygen concentrations and some- 
times winter-kill of the fish populations (Greenbank 
1945). 

Following the period of complete circulation in 
the winter and spring, oxygen stratification became 
apparent in the deeper waters of Boulder, Hayden’s, 
Beasley, and Baseline lakes; during June, July, and 
August, the lowermost two meters showed a_pro- 
nounced drop in dissolved oxygen, with summer 
minima of 20.0, 3.4, 25.5, and 1.5 percent satura- 
tion at the bottom, respectively. Concentrations in 
the surface samples, on the other hand, sometimes 
exceeded 120 percent saturation during spring and 
summer. Because of the shallowness of these lakes, 
the summer oxygen curves are roughly comparable to 
the epilimnetic and thermocline portions of oxygen 
curves of deeper lakes, no oxygen-deficient hypolim- 
nion being evident. 

As in the spring, there was little oxygen stratifica- 
tion during the autumn months in these four lakes; 
the oxygen content of both surface and bottom 
waters usually ranged between 85 and 110 percent 
saturation. 

In Allens Lake, on the other hand, summer oxygen 
depletion was pronounced, with less than 20 percent 
saturation oceurring in the hypolimnion throughout 
the summer and complete exhaustion in the lowermost 
meter or two during July and August. There was 
no stratification during the period of ice cover, how- 
ever, and the water was essentially 100 percent satu- 
rated from surface to bottom between November and 
April. The data for January, February, and March 
are shown as a single straight line (Fig. 11) for the 
sake of clarity, but actually the oxygen content of 
the surface and bottom waters for the three series 
were 100 and 99, 101 and 97, and 102 and 99 percent 
saturation, respectively. 

The most unusual dissolved oxygen conditions were 
found at Gaynor Lake, where concentrations ranged 
from total depletion to great supersatuation. In the 
March, April, May, and October series there was 
comparatively little stratification, with surface to 
bottom concentrations ranging between 83 and 111 
percent. But in the other ice-free months variations 
were extreme, and an interpretation of these con- 
ditions is diffieult and uncertain. 

To begin with, it should be borne in mind that 
Gaynor Lake is shallow and pondlike in spite of its 
relatively large area. As such, any pronounced 
oxygen stratification in the ice-free months is purely 
temporary since the area is well exposed to strong 
westerly winds of variable duration and occurring at 
irregular intervals but especially in spring and au- 
tumn. The almost complete elimination of temper- 
ature and oxygen stratification was actually observed 
over a period of 24 hours during a strong wind in 
the late spring of 1940. 

Another significant element involved in the dis- 
solved oxygen conditions in Gaynor Lake is the fact 
that the lake had an extremely dense plankton popu- 
lation, but that the ratio of producers (algae) to 
consumers (zooplankton) varied widely from time to 


Ropert W. PENNAK 








Ecological Monographs 

Vol. 19, No. 3 
time. Thus, during periods of extreme zooplankton 
and bacterial populations and little wind the dis- 
solved oxygen decreased rapidly and strikingly. On 
June 6, 1940, for example, the surface sample was 
only 53 percent saturated and the bottom water con- 
tained no oxygen. On the other hand, during calm 
periods of great algal abundance the oxygen content 
reached supersaturation from surface to bottom (July 
and August, 1940). 

Because of its large winter algal population and 
lack of persistent snow cover, Gaynor Lake also repre- 
sents a rare instance of oxygen supersaturation under 
ice. On January 14, 1941, a vertical series of sam- 
ples showed a range of 147 to 159 percent saturation, 
and by February 11 the determinations had risen to 
201 and 267 percent. Comparable winter conditions 
in very small ponds were reported as long ago as 
1899 by Knauthe. 

Many of the curves in Fig. 11, especially those 
for Boulder, Haycen’s, Beasley, and Gaynor lakes, 
show a slight epilimnetic oxygen maximum at a depth 
of 1 to 3 meters. Such subsurface regions of maxi- 
mum oxygen production are of general occurrence 
and have been reported many times in the literature. 

Oxygen curves are not shown in Fig. 11 for Kossler 
Lake. Its waters showed little or no stratification 
throughout the vear; extremes ranged from a high of 
111 percent saturation at a depth of 2 meters on 
April 27, 1940, to a low of 97 percent at 5.5 meters 
on October 1, 1940. 


COMPENSATION POINT 

“Compensation point” has bcen used in two dis- 
tinct ways in limnological literature. First, it has 
been defined as that depth in a lake at which photo- 
synthesis and respiration in algal culture bottles bal- 
ance each other; in other words it is the lowest limit 
at which algae can maintain themselves physiolog- 
ically. Second, it has also been defined as that depth 
in a lake at which photosynthesis in a natural plank- 
ton population balances the sum of algal respiration 
plus zooplankton respiration plus bacterial decom- 
position. In the latter sense, Yoshimura (1938) and 
Winberg and Ivanova (1935) have concluded that 
the compensation point averages 1.2 times the maxi- 
mum Seechi dise reading during the summer months. 
For the Colorado lakes these depths ranged from a 
minimum of 1.0 meter for Gaynor Lake to a maximum 
of 4.4 meters for Hayden’s Lake. Boulder Lake was 
second lowest with 1.6 meters, and Kossler Lake was 
second highest with 3.2 meters. 

By inspection of the oxygen curves in Fig. 1], 
however, it is easily seen that during summer stag- 
nation these. lakes were in the neighborhood of 100 
percent or more saturation down to depths consid- 
erably exceeding the calculated compensation points. 
This situation indicates that the photosynthetic pro- 
duction zones were undoubtedly much thicker than 
1.2 times the Seechi dise readings, with the possible 
exception of Hayden’s Lake. Even during periods 
of ice cover when subsurface illumination was greatly 
decreased and when the waters were not in complete 
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circulation, saturation and supersaturation in the 
bottom waters were usual. 

In shallow lakes with low transparencies such as 
we are here considering, therefore, it appears reason- 
able to suppose that the Secchi dise factor for cal- 
culating the compensation point is greater than 1.2, 
perhaps even as much as 2.0 for some lakes. In 
this connection it is interesting to note that Thiene- 
mann (1928) assumed that the factor for the Baltic 
lakes was 2.0, an assumption with which Yoshimura 
(1938) disagreed. 


FREE CARBON DIOXIDE 

Annual free carbon dioxide conditions are summa- 
rized in Table 3.. In Kossler Lake, with low plank- 
ton production, the free carbon dioxide was usually 
in the neighborhood of equilibrium with the carbon 
dioxide partial pressure in air. The year-round 
range, including all depths, was only 0.8 to 2.4 p.p.m. 

Similar conditions prevailed in the upper waters 
of Allens Lake, but summer stagnation in the bottom 
yaters increased the free carbon dioxide there to a 
maximum of 14.0 p.p.m. 

Hayden’s, Beasley, Baseline, and Boulder lakes 
were roughly comparable, with negative readings (as 
high as —11.0 p.p.m. in Beasley) being recorded at 
all depths during periods of increased photosynthetic 
activity and positive readings (up to 5.5 p.p.m. at 
the bottom of Baseline) during periods of decreased 
photosynthesis. 

Gaynor Lake, however, with its large year-round 
algal population, always gave negative determina- 
tions, the annual range for all depths being —38.5 
to —10.1 p.p.m. No determinations were made dur- 
ing the hours of darkness, but it is ‘possible that 
respiration then produced sufficient carbon dioxide 
to convert much or all of the monocarbonate to 
bicarbonate. 


TABLE 3. Annual free and bound carbon dioxide conditions in seven northern Colorado lakes. 
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BOUND CARBON DIOXIDE 


According to the bound carbon dioxide hardness 
classification adopted by the present writer for north- 
ern Colorado lakes (Pennak 1945a), Kossler and Allens 
lakes are medium; Hayden’s, Baseline, Beasley, and 
Boulder lakes are hard; and Gaynor Lake is very 
hard. Unlike the situation in large lakes, it was 
found that the bound carbon dioxide content in these 
seven lakes varied greatly during the course of a 
year. The surface waters of Kossler Lake, for ex- 
ample, contained from 9.3 to 14.5 p.p.m., and Beas- 
ley Reservoir from 40.5 to 63.5. In Baseline Reservoir 
maximum quantities occurred in August, September, 
and October samples, and in Hayden’s Lake between 
December and May. In the other five bodies of 
water maximum bound carbon dioxide determinations 
were found in spring and summer. In Boulder Lake 
they were found in March and April; in Kossler 
Lake in April and May; in Beasley and Gaynor lakes 
in May, June, and July; and in Allens Lake in June, 
July, and August. 

Although the general magnitude of the carbonate 
present in each lake is primarily a reflection of the 
chemical nature of its basin and immediate catchment 
area, unusual annual fluctuations in five of the lakes 
may be partially explained by the outflow for irriga- 
tion and inflow from ditches bringing water from 
streams in the foothills to the west. The situation 
is complicated by the fact that the carbonate content 
of the inflowing water varies from month to month 
(Pennak 1943) depending on snowfall, thawing, and 
the intensity of showers in the mountains to the 
west. Gaynor and Boulder lakes, however, had no 
appreciable inflow or outflow, so that other agencies 
must be sought as producing greater than normal 
variations in bound earbon dioxide. 

In deeper lakes which are medium to very hard 
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FREE Carson DIOXIDE, P.P.M. P.P.M. | ; 
Lake | Annual -——_—__—_____ ———_____ —_—_———— ennai enters Yoscs<--< 
|conditions| Surface Mid-depth Bottom Surface | Bottom | cation 
—— — Se SS ee ————————————— ———————————————————————————————————a—— {|— ———EE 
Kossler Lake.......| range | 0.8 to 2.0 L2to2.4 | 1.1 to 2.4 9.3 to 14.5 | 8.8 to 14.9 | medium 
mean 1.4 tee er 10.6 10.8 
Allens Lake....... range |— 0.1 to2.5 1.0 to 7.1 2.0 to 14.0 | 16.0 to 23.8 | 16.6 to 33.2 | medium 
mean 1.3 2.7 6.1 19.7 22.4 
Hayden’s Lake. . range |— 9.4 to —0.8 |—8.5 to —0.6 |— 5.9 to 5.0 36.2 to 47.5 | 37.8 to 49.4 | hard 
| mean —4.2 —4.1 —1.8 42.2 44.3 
Baseline Reservoir..| range |— 9.0to1.3  |— 3.5to1.7 |— 4.5 to05.5 39.7 to 53.0 | 40.0 to 53.8 | hard 
mean —1.5 —0.6 1.5 44.7 46.1 
Beasley Reservoir. . range |—11.0 to 1.6 — 9.7 to 1.6 — 5.5to1.5 40.5 to 63.5 | 40.0 to 64.0 | hard 
mean —5.0 —4.4 —1.8 50.5 50.5 
Boulder Lake..... . range |—10.1 to —0.6 |— 9.3 to —0.1 |—10.5 to 1.2 45.5 to 64.8 | 46.0 to 64.9 | hard 
mean —5.7 —5.6 —3.7 53.0 | 54.3 | 
Gaynor Lake.......| range |—38.5 to —10.1/—38.0 to —13.2/—34.2 to —11.7/122.0 to 140.5)118.7 to 147.2} very 
mean —21.5 —24.1 —22.4 132.4 132.4 | hard 
| 
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on the carbonate scale and which have medium to 
large plankton populations there is usually a pro- 
gressive and pronounced accumulation of bound car- 
bon dioxide in the lower waters until the fall overturn 
(Birge and Juday 1911). But because of the shal- 
lowness and lack of prolonged stratification in the 
seven northern Colorado lakes, such accumulations 
were transitory and not particularly striking, and in 
the great majority of vertical series of samples the 
surface and bottom waters did not differ by more 
than 3 or 4 p.p.m. Nevertheless, five exceptional 
series are shown in Table 4. The series for Allens 
and Hayden’s lakes, the two deepest studied, show 
rather typical but transitory summer accumulations 
of bound carbon dioxide in the bottom waters. The 
series for Beasley, Gaynor, and Baseline lakes show 
an accumulation in the bottom waters when these 
lakes were covered with ice but when there was also a 
large winter plankton population. 


TaBLE 4. Examples of bound carbon dioxide stratifi- 
cation in five northern Colorado lakes; expressed as 
parts per million. 








LAKE AND DaTE 
Depth, Allens; |Hayden’s;| Beasley; | Gaynor; | Baseline; 
meters | Sept. 17,) July 19, | Jan. 19, | Feb. 11, |March 2, 
1940 | 1942 | 1942 | 1941 | 1942 

eee 21.1 36.2 | 53.5 | 135.2 | 40.0 
i eae Pe -.3s | Shee | HDD) aes 
ek cas aa eis 21.0 sae eee 144.7 41.0 
Bet aes se xs oe ws 4 SS 147.3 _ 
ae eee 21.7 oo.2 1 SOO ft ...5.-. 45.2 
Be Sain Sihorre ae oka 47.3 
Bie kinss..4s 25.5 64.0 | 
Se 33.2 } | 





HYDROGEN ION CONCENTRATION 


As shown in Table 5, two of the lakes, Kossler and 
Allens, were slightly alkaline, the other five being 
more strongly alkaline. In contrast to the situation 
in larger lakes, several of the Colorado lakes were 
characterized by relatively wide annual variations in 
daytime hydrogen ion concentration. An annual 
range of as much as pH 7.9 to 8.9, as found in Gay- 
nor Lake, or 7.7 to 8.9., as found in Boulder Lake, 
are unusual in the open surface waters of large lakes. 
Changes of such magnitude are caused primarily by 
varying water chemistry and variations in the magni- 
tude of photosynthesis and respiration. 

In view of the shallowness and lack of stagnation 
in these lakes, there was little stratification in the 
hydrogen ion concentration. In 52 out of 82 vertical 
series of pH determinations the surface and bottom 
readings were the same or differed by only 0.1 of a 
pH unit, and 77 series showed differences of 0.4 of 
a pH unit or less between surface and bottom waters. 
Of the five remaining cases of more pronounced 
stratification, four were found at Allens Lake, the 
deepest body of water studied. In May, June, July, 
and August, 1940, surface and bottom pH determina- 
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TABLE 5. Annual hydrogen ion concentration (pH) 
conditions in seven northern Colorado lakes. 





SurFrace WATER Bottom WATER 


Lake ———— 

| Annual range! Mode | Annual range} Mode 
Kossler 7.1-7.7 1:1 1074 | Ta 
Allens. 7.1-7.8 1.3 6.8-7.4 6.8 
Hayden's. 8.5-8.9 8.5 8$.4-8.7 8.5 
Baseline 7.9-3.7 8.5 7.7-8.5 8.3 
Beasley . 8.5-8.8 8.5 8.4-8.7 8.4 
Boulder 7.7-8.9 $.6 7.6-8.6 8.2 
Gaynor 7.9-8.9 $.5 7.9-8.9 | 8.5 


tions were 7.8 and 7.1, 7.7 and 6.8, 7.3 and 6.8, and 
7.3 and 6.8, respectively. At Hayden’s Lake, on July 
19, 1942, the corresponding determinations were pH 
8.9 and 8.4. 


TOTAL RESIDUE, ASH, AND LOSS ON IGNITION 

The routine analyses in Table 6 show several 
points which deserve emphasis. In keeping with the 
fact that seven widely differing lakes were selected 
for study, the total residues covered a wide range, 
from an average of only 41.8 mg. per liter for Kossler 
Lake to 5402.4 mg. per liter for Gaynor Lake, the 
latter figure being caused chiefly by large quantities 
of sulphates. The other five lakes form an inter- 
mediate group, with determinations ranging from 
108.0 to 266.2 per liter. Comparable ranges 
were found for the ash and organie matter, but the 
organic matter determinations for Gaynor Lake 
(751.0 and 828.7 mg. per liter) are especially note- 
worthy. With the exception of polluted waters, the 
writer has been unable to find published citations 
giving anywhere near the large quantity of organic 
matter occurring in Gaynor Lake. Thus far, no 
adequate explanation of this unique situation has 
been found. 

A surface water determination of total organic 
matter (loss on ignition), including both seston and 
dissolved materials, has often been favorably re- 
garded as an index of production in lake waters. 
It has been stated that it is especially reliable be- 
cause it is a relatively stable element in lake economy 
and it varies less from season to season than do 
other biological indices of production. However, this 
generalization has been based almost entirely on in- 
vestigations of large lakes where it generally holds 
true, but as seen from Table 6, it does not apply to 
the group of Colorado lakes. In Allens Lake, for ex- 
ample, two determinations of total organic matter 
gave 24.6 and 10.9 mg. per liter; analyses for Beasley 
Lake gave 16.9 and 31.9 mg. per liter; for Boulder 
Lake (with no appreciable inlet or outlet) they were 
20.2 and 15.2. Further analyses during the course of 
the year would probably have showed additional dis- 
crepancies. If total organic matter is to be used as 
an index of production in small and medium-sized 
lakes, it therefore seems essential that the estimate 
should be based on several determinations made at 
different times of the year. 


mg. 
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TABLE 6. Total residue, ash, and loss on ignition 
for the surface waters of seven northern Colorado lakes. 





ASH Loss on 
| Total IGNITION 
Lake Date residue, . 

mg./). | mg./.| % |mg./.| % 
Kossler....| Apr. 27, 1940 47.3) 37.6/79.5) = 9.7/20.5 
Dec. 27, 1940 36.3) 30.9/85.1 5.4|14.9 
Allens | Apr. 14, 1940 165.4) 140.8'85.0) 24.6)15.0 
| Jan. 7, 1941 108.0! 97.1189.8) 10.9)10.2 


0185.0) 19.6/15.0 


2 
Mar. 18, 1942 | 263.5} 231.6/87.8| 31.9)12.2 


Hayden’s..| Oct. 25,1941) 130.6) 111 
| Apr. 1, 1942) 138.8) 122.5|88.3)  16.5)11.7 
Baseline...| Oct. 7, 1941 | 131.9) 122.1]92.5) 9.8) 7.5 
| Apr. 15,1942) 135.5) 124.6/91.8) 10.9) 8.2 
Beasley...| Oct. 18, 1941 | 271.0) 254.1/93.8) 16.9) 6. 
5 | 
Boulder. ..| Apr. 19, 1940 | 266.2) 246.0/92.4) 20.2) 7.6 
Aug. 21,1940) 174.8) 159.6/91.2| 15.2) 8.8 





Gaynor. . | Nov. 18, 1939 | 5324.3/4573.3/85.8) 751.0) 
Sept. 6, 1940 | 5480.4/4651.7/84.9) 





| 


| 


In spite of the fact that gravimetric determina- 
tions of organic matter varied widely for the seven 
lakes, it is interesting to note that the percentages 
with respect to the total residues were remarkably 
consistent, ranging from 6.2 to 20.5 percent. 


SESTON 

A variety of biological indices may be used in the 
calculation of production, including fish, zooplankton, 
phytoplankton, total chlorophyll content of the water, 
bacteria, seston, bottom fauna, and bottom flora. As 
clarified by Clarke (1946), cach of these indices may 
theoretically be measured in three ways: “Standing 
crop—the amount of organisms existing in the area 
at the time of observation. Material removed—the 
amount of organisms removed from the area per 
unit time by man, or in other ways. Production 
rate—the amount of organisms formed within the 
area per unit time.” 

As implied by Clarke and emphasized by Pennak 
(1946), the quantitative calculation of the actual 
production rate for any group of organisms is ex- 
ceedingly difficult to determine, with the possible 
exceptions of fish populations and rooted aquatics. 
Material removed ean usually be caleulated only for 
fish populations with any reasonable accuracy; such 
data are of particular interest to the fisherman and 
fisheries management investigator. The standing crop, 
however, can be calculated comparatively easily if 
adequate sampling methods are used. The standing 
crop of a fish population is thought to remain prac- 
tically constant throughout the year; rooted aquatic 
plants may range from a standing crop of essentially 
zero during the cold months to the late summer 
maximum crop. But for the complex of organisms 
constituting the plankton the whole year is the grow- 
ing season, and production goes on at highly variable 
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rates and with a multiple turnover and reutilization 
of nutrient materials. There is no time when there is 
any way of establishing an estimate of the total num- 
ber of organisms which have come into existence 
during a known interval. The plankton of a lake 
has often been regarded as analogous to a pool in a 
stream, with a regular inflow and outflow represent- 
ing plankton production and loss of material, re- 
spectively. Further, the marked variations in the 
standing during the year are analogous to 
variations in the size of the inlet and outlet as well 
as the pool itself, in accordance with times of flood 
and drought. 

In order to gain an adequate concept of the stand- 
ing crop of plankton for a particular lake, quanti- 
tative calculations should therefore be based on year- 
round sampling at representative depths, and not 
merely on summer samples. It is quite true that the 
inagnitude of the standing crop at any one moment 
is by no means a measure of production rate. Never- 
theless, the mean annual standing crop is a general 
index which reflects the sum total of the biological 
potentialities and the ecological conditions obtaining 
in a lake. 

As noted by Pennak (1946), it has thus far been 
impossible to separate and make gravimetric deter- 
minations of the phytoplankton as distinct from the 
zooplankton, and to separate each of these from par- 
ticulate detritus. An alternative gravimetric method 
involves the determination of seston, or centrifuge 
plankton, including all suspended particulate organic 
materials, both living and dead. Except when small 
lakes are badly silted, nearly all of the detritus in 
open waters originates from the plankton itself, and 
for practical purposes of measuring the standing crop, 
it may be considered an integral part of the plankton. 
Total seston therefore is a convenient, valuable, and 
reliable index of comparative plankton production. 

A few workers have argued for the use of colori- 
metric determination of chlorophyll in lake waters as 
an index of the standing crop of plankton. But it is 
sometimes difficult to assess the value of such de- 
terminations, since a variable fraction of the total 
chlorophyll is thovght to be “inactive.” Also, it is 
difficult to estimate the photosynthetic significance of 
phytoplankters in the lower waters of deep, stratified 
lakes. Riley (1940) maintains that the ratio of 
chlorophyll to phytoplankton cell volume varies dur- 
ing the year, being especially low during the colder 
months, and that the quantity of chlorophyll is not 
constant in all groups of algae. Riley (1939) com- 
ments further, “The weight of organie matter is a 
better index than chlorophyll of the total productivity 
of a lake because the latter must include an estimate 
of animal production.” Juday, Blair, and Wilda 
(1943), in a study of the quantity of chlorophyll 
contained in seston, state: “In view of the wide range 
in the percentage of chlorophyll in these centrifuge 
catches, this pigment can hardly be regarded as a 
good index of the phytoplankton which is the major 
constituent of this material.” 

Fig. 12 shows the annual cyele of total particulate 


crop 
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organic matter (seston) in the seven northern Colo- 


rado lakes. Kossler Lake consistently had the lowest 


standing crop, with a maximum of only 2.29 mg. per 


liter on October 1 and a minimum of 0.37 mg. per 
liter on August 21. The annual curves for Allens, 
Baseline, Beasley, and Hayden’s lakes all show the 
same general level of production; the highest seston 
determination was 4.71 mg. per liter at Allens Lake 
on September 17, and the second highest was 3.64 
mg. at Baseline Reservoir on May 24; the lowest 
figure was 0.38 mg. per liter at Baseline Reservoir on 
March 2, and the second lowest 0.42 at Allens Lake 
on March 21. Boulder Lake had generally high seston 
production throughout the year with a pronounced 
maximum of 14.72 mg. per liter on September 24. 
The situation at Gaynor Lake, however, appeared to 
be unique, with exceptionally large quantities of ses- 
ton from March through September; maxima of 20.10 
and 20.15 mg. per liter were found on July 12 and 
September 6, respectively, and on August 7 a single 
surface sample contained 25.80 mg. per liter! No 
other comparable figures have been found in the lit- 
erature; the largest quantity of seston reported by 
Birge and Juday (1934) for 529 Wisconsin lakes 
was only 12.0 mg. per liter. 

Though many statements can be found concerning 
the seasonal occurrence of phytoplankton and zoo- 
plankton pulses in a wide variety of lakes, there is 
little information on seasonal variations in seston 
as an indicator of total plankton production. Such 
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data are summarized for the seven lakes in Table 7. 
Six of the lakes showed two annual maxima, though 
in four of these both maxima were poorly defined 
(Fig. 12). In Baseline, Beasley, and Boulder lakes 
the two maxima occurred in spring and autumn; in 
Allens and Hayden’s lakes they occurred in summer 
and autumn; Gaynor Lake had large pulses in June 
and from July through September; and in Kossler 
Lake the single maximum was found in autumn. The 
annual minimum populations were likewise variable 
in their occurrence; lakes had minima in the 
spring, two in summer, and three in winter. Thus, 
group, these bodies of water varied widely in 


two 


nS 


as ¢ 
their annual seston curves. 
None of the Colorado lakes conform to the “typ- 


TABLE 7. Seasonal occurrence of maximum and mini- 
mum quantities of seston in seven northern Colorado 


lakes. 





| 


Primary 





Secondary 

Lake maximum maximum Minimum 
Allens..... | September... ... | June.......| March 
Baseline | See ees eee October. ...| March 
Beasley Re September August 
Boulder.....| September. . Oe December 
Gaynor July to September.| June....... December 
Hayden’s July October. ...| December 
Kossler.... . October. August 
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Fig. 12. 


and intermediate depths. 


Annual eycle of seston (ash free dry weight) in seven northern Colorado lakes. 
curves represents an average of two to six determinations, representing water samples taken at the surface, bottom, 


Each point on the 
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ical” plankton curve based on data for certain large 
iakes (see Pennak, 1946, page 343), which consists 
of a pronounced primary spring maximum, a sec- 
ondary autumn maximum, a reduced population dur- 
ing the summer, and a very small winter population. 
About the only generalization which can be drawn 
for the northern Colorado lakes is that the seston 
maxima oceur somewhere between April and October. 

Seasonal variations are transient phenomena, and 
the mean annual standing crop of seston has much 
greater significance as a general indicator of produc- 
tion. Such data are given in Table 8, and they differ 
by 25 percent from the data given by Pennak (1946) 
because of the added centrifuge correction factor. 


TABLE 8. Mean annual standing crop of seston in 


seven northern Colorado lakes; ash free dry weight. 





Lake | Mg. per Liter | Kg. per Hectare 
ae 1.19 | 43.5 
Baseline... . . 1.74 Pe oe 
Hayden’s... . 1.78 64.6 
OS ore 1.91 124.6 
Beasley..........| 2.35 | 38.7 
Boulder......... | 4.66 | 171.3 
Gaynor..........| 13.64 | 252.1 


In general, all of these lakes are high producers. 
Birge and Juday (1934), for example, obtained a 
mean of 1.36 mg. per liter for summer determinations 
on 529 Wisconsin lakes, and only the annual mean 
for Kossler Lake falls below this figure. This dif- 
ference is a reflection of the fact that shallow lakes, 
such as the Colorado group, usually have larger 
yields of plankton because raw materials for phyto- 
plankton growth may be used repeatedly during most 
of the year. 

On an areal basis, however, the summer standing 
crops of the Wisconsin lakes are relatively high be- 
cause of their greater depths. Thus, for six of the 
most intensively studied Wisconsin lakes the range 
was 65.0 to 333.8 kg. per hectare as compared with 
a mean annual range of 38.7 to 252.1 kg. per hectare 
for the northern Colorado lakes. Chautauqua Lake, 
New York, had an annual mean of 153.1 kg. per hec- 
tare (Tressler, Wagner, and Bere 1940). All of 
these sets of figures include the 25 percent centrifuge 
correction factor. 

A few investigators have 
estimate of production on a single summer surface 
seston determination, and certainly data from the 
Colorado lakes emphasize the weakness of such prac- 
tices. In Hayden’s Lake, for example, surface de- 
terminations of seston during the summer months 
ranged from 1.16 to 2.02 mg. per liter, and from 
0.94 to 2.35 mg. per liter in Beasley Reservoir. Fur- 
thermore, the variations shown in Fig. 12 constitute 
important evidence for caleulating production on a 
year-round basis, rather than on a series of summer 
determinations only. 

Most of the points on the curves in Fig. 12 are 





gone so far as to base an 


SoME CoLorRADO RESERVOIR LAKES 249 


averages for a surface determination, a bottom de- 
termination, and one or more mid-depth determina- 
tions. If the original 76 vertical series are studied, 
it is found that in 24 series the greatest amount of 
seston was found in surface samples, in 23 series the 
maximum was found in mid-depth samples, and in 
the remaining 29 series the maximum was found in 
the lowermost water samples. Comparable data were 
obtained by Tressler and Bere (1936, 1937, and 1938) 
for 19 large New York lakes. These results are 
partly fortuitous, especially in those lakes that were 
in complete circulation or only temporarily stratified. 
Hayden’s and Allens lakes, however, were deep enough 
to remain permanently stratified throughout the sum- 
mer, and they therefore accumulated relatively large 
quantities of seston in the lower waters, chiefly be- 
cause of settling of plankters dying in the upper 
yaters. In Hayden’s Lake on July 19, for example, 
the deepest sample contained 7.28 mg. of seston per 
liter, while the surface contained only 2.02 mg.; and 
in Allens Lake on October 22 the bottom sample con- 
tained 6.30 mg. per liter and the surface sample only 
1.35 mg. 

If the data for all of the lakes are combined, it 
is found that the mean seston for all depths is 19 
percent higher than the mean seston for surface sam- 
ples alone. Thus, while surface samples may be 
adequate for total residue determinations, they give 
seston determinations that are usually too low. 


ANNUAL PHYTOPLANKTON CYCLES 

Because of the time and labor involved in counting 
the algae of about 360 separate water samples and 
because the emphasis was mainly on gross population 
trends, the algae were identified only to genus. A 
few cells could not be identified, but the list below 
accounts for more than 99 percent of the cells enu- 
merated from the seven lakes. 
Microcystis 
Oscillatoria 
Spirulina 


Bacillarieae 
Asterionella 
Cocconeis 


Cyclotella Chlorophyceae 
Epithemia Ankistrodesmus 
Fragilaria Closterium 
Gomphonema Coelastrum 
Gyrosigma Cosmarium 


Crucigenia 
Dictyosphaerium 
Elaktothriz 
Lagerheimia 
Oocystis 
Pediastrum 
Quadrigula 
Scenedesmus 
Schizothrix 
Schroederia 
Selenastrum 
Spondylomorum 
Spondylosium 
Stavrastrum 
Tetraedron 


Melosira 
Stauroneis 
Stephanodiscus 
Synedra 
Tabellaria 
Myxophyceae 
Anabaena 
A phanocapsa 
A phanothece 
Chroococcus 
Coelosphaerium 
Dactylococcopsis 
Gomphosphaeria 
Lyngbya 
Merismopedia 


The great majority of Bacillarieae were Asterion- 
ella, Melosira, and Synedra; the majority of Myxo- 
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phyceae were Chroococcus; and Chlorophyeceae were 
variably represented by numerous genera. All of the 
lakes had a dominant blue-green and diatom flora, 
but Boulder and Gaynor lakes also had large num- 
bers of green algae. Only negligible numbers of 
greens were found in Kossler and Baseline lakes. It 
is rather striking that Aphanizomenon and Gloeo- 
trichia, both very common phytoplankters in the East 
are absent from the above list of 
Myxophyeeae. It is also significant that filamentous 
greens are not included. A portion of the phyto- 
plankton data is summarized by Pennak (1946), espe- 
cially as relating to the frequeney and duration of 
pulses and total algal populations (see Figs. 3 and 
4 of that paper), but a more complete anlysis is pre- 
sented here. As would be expected, the phytoplankon 
populations in each lake showed much greater quanti- 
tative variations than the seston. 


and Midwest, 


DIATOMS 

Pearsall (1932) has contended that diatom popula- 
tions increase when the water is richest in phosphate, 
nitrate, and silicate, that is, in the late winter and 
early spring. Other investigators, particularly those 
working on larger lakes, emphasize the occurrence 
of a second pulse in the autumn. Reference to Fig. 
13, however, shows that the Colorado lakes were all 
quite different from each other and followed no spe- 
cial pattern. Each point on the curves in this figure 
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represents an average of the diatom populations en- 
countered in three to seven separate water samples 
evenly spaced between surface and bottom. 

At Beasley Lake a single very large pulse was 
found in January and February, with a maximum of 
3,946,500 cells per liter (chiefly Asterionella). Koss- 
ler Lake also had a single Asterionella pulse, but it 
lasted from December through early June, and dur- 
ing the remainder of the year the diatom population 
was negligible. Allens Lake had a single pulse, but 
it occurred in June and reached a maximum of 
1,179,500 cells per liter on June 12; it consisted 
chiefly of Fragilaria. 

The most striking diatom population occurred in 
Gaynor Lake where 11,901,700 and 19,763,200 cells 
per liter were found on April 7 and May 10, re- 
spectively. A second, less well defined autumn pulse 
of 1,754,900 cells per liter was found on October 15. 
Boulder Lake also had two pulses, one in May and 
the other in August and September. Both the Gay- 
nor and Boulder lake pulses were mixtures of sev- 
eral genera. 

Diatom populations were comparatively low in 
Hayden’s and Baseline lakes, and neither of these 
bodies of water exhibited pronounced pulses. Hay- 
den’s Lake had maximum numbers of diatoms in 
April, June, and August, though the largest popula- 
tion was only 408,000 cells per liter, on August 24. 
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Fig. 13. Annual cycle of diatom populations in seven northern Colorado lakes. Each point on the curves repre- 
sents the average population for samples taken at three t» six depths between surface and bottom on a particular 


day. 
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Baseline Lake reached a maximum of 321,000 cells 
per liter on November 11 and a second small pulse of 
229,000 cells per liter on August 11. 

The occurrence of one (early spring) or two (early 
spring and autumn) diatom pulses usually aseribed 
to “typical” large lakes are presumed to be caused 
by a complex interplay of factors, the precise nature 
of which is generally unknown, but temperature and 
the cycle of available nutrient materials with refer- 
ence to seasonal stratification are often mentioned as 
the most significant factors. Of the seven Colorado 
lakes, however, only two, Allens and Baseline, be- 
came stratified for any length of time beyond a week 
or two. The other five lakes were only poorly or 
temporarily stratified, and it might be presumed that 
they were essentially in complete circulation with re- 
spect to plant nutrient materials. But as seen from 
Fig. 13, there was no relation between annual tem- 
perature cycles and diatom populations. Allens Lake 
(stratified), for example, had only a single modest 
July maximum, and Baseline Lake (partly stratified) 
had no appreciable pulses. But the other five lakes 
(all unstratified or temporarily stratified) had small 
to large diatom populations and from one to three 
pulses at highly different times of the year. About 
the only generalization that can be drawn from Fig. 
13 is the fact that November and July were times 
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of poor diatom production; to some extent it is also 
true that the first six months of the vear were much 
more productive than the last six months. Thus, far 
from contributing to the causes of diatom pulses, 
these results only serve to emphasize further the com- 
plexity of the phenomena and the probable interplay 
of environmental factors involved in their occurrence. 


BLUE-GREEN ALGAE 

Many of the general remarks on periodicity in the 
foregoing section apply to the blue-green algae also, 
but it should be mentioned that in “typical” large 
lakes the Cyanophyceae exhibit a late summer or 
autumn pulse and sometimes an additional spring 
pulse. Of the group of Colorado lakes, only Boulder 
Lake exhibited spring and autumn pulses (Fig. 14). 
The primary pulse occurred in October, with an aver- 
age population of 40,846,800 cells per liter, and the 
secondary pulse in May, with 13,289,000 cells per 
liter; the former was chiefly a Schizothrix pulse, the 
latter Coelosphaerium. 

Beasley Reservoir also had two pulses, but one, 
reaching a population of 4,215,000 cells per liter, 
occurred in July, and the other, reaching 3,496,500 
cells per liter, occurred in October. Both were strictly 
Chroococcus pulses. 

Gaynor Lake 


The Cyanophyeeae population in 
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varied in a spectacular manner, with three great 
pulses, one in May, a second in July and August, 
and a third in October. These populations attained 
peaks of 26,552,400 and 62,454,800 and 38,677,700 
cells per liter, respectively. Chroococcus accounted 
for the greater part of all three maxima, but Coelo- 
sphaerium and Merismopedia were also abundant in 
summer and autumn. Even though these algae were 
exceedingly abundant, they always remained in sus- 
pension, and no floating mats, or blooms, were ever 
formed. 

Curves are not given for Kossler and Allens lakes 
in Fig. 14, chiefly because their blue-green popula- 
tions were too small to be shown to seale. Allens 
Lake attained a feeble Merismopedia maximum of 
596,000 cells per liter in August, and Kossler Lake 
reached 101,300 cells per liter in June (Chroococcus). 

Thus; as was the case for diatoms, the blue-green 
algae annual curves differed widely from one lake to 
another. As a group, however, these lakes had the 
smallest populations between December and April, 
and this generalization is quite true for most other 
lakes whose year-round populations have been studied. 


GREEN ALGAB 

The seasonal variations of plankton Chlorophyceae 
are less well known than those of diatoms and blue- 
greens, probably because the greens are almost al- 
ways numerically subordinate and are generally con- 
sidered to be only minor constituents of pulses and 
blooms. 
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Though the green algae of the seven Colorado lakes 


were much less numerous than diatoms and_ blue- 
greens, they were nevertheless very abundant in 


Boulder and Gaynor lakes as compared with other 
bodies of water in Colorado and elsewhere. In Gay- 
nor Lake a major Scenedesmus pulse, ranging from 
4,632,000 to 10,338,000 cells per liter, persisted from 
July through December (Fig. 15). In Boulder Lake 
a Dictyosphaerium pulse reached 7,315,000 cells per 
liter on March 1, and on May 24 a secondary pulse 
consisting mostly of Coelastrum reached 3,369,800 
cells per liter. 

It has sometimes been cautiously stated that green 
algae fail to inerease, and even decrease, during a 
blue-green pulse because of the fact that the greens 
are not able to “compete” for nutrients in the pres- 
ence of an increasing blue-green population. A com- 
pletely different hypothesis maintains that green 
algae become abundant during summer depletion of 
nutrients; in other words, the greens become abun- 
dant after diatoms or blue-greens have utilized most 
of the nutrients. Both of these contentions seem to 
be refuted by the fact that in Boulder Lake pulses 
of greens, blue-greens, and diatoms occurred simul- 
taneously in May. Similarly, the October pulse of 
greens in Gaynor Lake coincided with blue-green and 
diatom pulses. 

Beasley Reservoir had a small pulse of 635,000 
cells per liter in July, consisting mostly of Scenedes- 
mus and Tetraedron; this pulse also coincided with 
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additional data. 


Annual cycle of Chlorophyceae populations in four northern Colorado lakes. 


See legend of Fig. 13 for 
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a blue-green pulse (see Fig. 14). Chlorophyceae 
populations were very small in Allens, Baseline, Hay- 
den’s, and Kossler lakes. Maximum populations 
found in these bodies of water wree only 133,800, 
79,500, 45,000, and 3,000 cells per liter, respectively. 


VERTICAL DISTRIBUTION OF THE PHYTOPLANKTON 

In deep lakes the stratification of living phyto- 
plankton cells is often consistent and well defined, 
with larger numbers in the upper photosynthetic 
zones and few algae in the hypolimnion. 

In order to demonstrate the presence or absence of 
vertical stratification in the shallow Colorado lakes, 
the quantitative data for each vertical series of sam- 
ples for each lake were arranged so that the num- 
bers of diatoms, blue-greens, and greens per liter in 
the surface, lowermost, and mid-depth samples could 
be compared. Such data were found to be highly 
variable, with populations at any one of the three 
levels being as much as five to ten times as great as 
those at the other two depths. Furthermore, there 
were no consistent seasonal vertical distribution pat- 
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terns in any of the lakes, not even in Allens Lake 
with its maximum depth of 12.4 meters. 

A summary of these data shows that in 23 vertical 
series of samples diatoms were most abundant in the 
surface waters; in 26 series they were most abundant 
at mid-depth; and in 27 series they were most abun- 
dant in the bottom waters. Blue-greens were most 
numerous in the surface waters in 34 vertical series 
of samples, in 22 series at mid-depth, and in 21 series 
in the lowermost water samples. Similar figures for the 
green algae were 24, 20, and 17 series, respectively. 


ANNUAL ZOOPLANKTON CYCLES 
PROTOZOA 

For the sake of summary, convenience, and ease in 
treatment, all protozoa and unicellular motile algae, 
representing a variety of taxonomic groups, were 
lumped together as “protozoa.” The following genera 
were encountered in the plankton samples, but as 
indicated, many individuals could not be identified, 
even to genus, because they were strongly contracted 

and misshapen by the alcohol preservative. 
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Fie. 16. 


Annual cycle of Protozoa populations in five northern Colorado lakes. 


Each point on the curves repre- 


sents the average population for samples taken at three to six depths between surface and bottom on a particular 


day. 
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Chlamydomonas Pandorina 


Difflugia Peridinium 

Dinobryon Phacus 

Euglena Trachelomonas 
Glenodinium unrecognizable ciliates 
Mallomonas unrecognizable flagellates 


Beyond the fact that plankton protozoa are most 
abundant during the warm months, there are few 
published generalizations regarding their seasonal 
occurrence, and detailed accounts of seasonal abun- 
dance of the various species differ considerably. 

Protozoa were abundant at all times of the year in 
Gaynor Lake (Fig. 16), but there were two very 
large maxima, one in March and April reaching 
1,435,900 cells per liter, and the other in July, August, 
and September reaching 1,713,800 cells per liter. The 
former consisted chiefly of an unknown small green 
flagellate, the latter Glenodinium, Peridinium, and 
Euglena. 

The much smaller population in Allens Lake also 
exhibited two pulses. The first, in April and May, 
reached a maximum of 202,500 cells per liter and 
consisted mostly of Dinobryon and Trachelomonas. 
The second, in August, was mostly Trachelomonas 
#nd reached 211,400 cells per liter. 

Except for May, June, and July, there was a 
negligible protozoan population in Beasley Reservoir. 
A maximum of 97,500 cells per liter was found on 
July 12; it consisted entirely of Trachelomonas. 

The protozoan population of Hayden’s Lake was 
quite irregular, with minor peaks in May, July, and 
October. The most dense population amounted to 
only 117,000 cells per liter on October 25. The 
population in Baseline Reservoir was even smaller 
and is not shown in Fig. 16. It reached a peak, 
mostly Trachelomonas, of 52,700 cells per liter on 
August 1. Kossler Lake contained a negligible popu- 
lation of Peridinium and Dinobryon, the average den- 
sity being only 1,135 cells per liter. 

As was the case for the various groups of algae, 
there was no consistent pattern of seasonal occur- 
rence and abundance for the protozoa in these seven 
lakes. With the partial exception of Gaynor Lake, 
however, it might be said that the months of Novem- 
ber through March were generally characterized by 
small populations. 

Because of the fact that most plankton protozoa 
are known to undergo daily vertical migratory move- 
ments in varying degrees, an analysis of their ver- 
tical distribution would be of little significance and 
is not ineluded here. 


ROTATORIA 


The rotifer populations were treated in detail, and 
the great majority of plankton trap specimens were 
identified to species. Table 9 is a summary of the 
relative abundance of the species encountered in the 
seven lakes; .most of them are common and widely 
distributed open water plankters. It is rather strik- 
ing that this list does not include such cosmopolitan 
plankton forms as Kellicottia longispina (Kellicott) 
and Euchlanis dilatata Ehrenberg. Eight of these 25 
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species were found in the samples from four or more 
of the lakes, and 15 species were found in only one 
or two lakes. As would be expected, there was an 
extreme variation in the mean annual populations. 
In many instances an annual mean of less than one 
individual per liter of a particular specics was found, 
but at the other extreme Brachionus plicatilis aver- 
aged 462 individuals per liter in Gaynor Lake. Kera- 
tella cochlearis occurred in all lakes and ranged from 
0.3 per liter in Gaynor Lake to 123 per liter in Beas- 
ley Reservoir. Polyarthra trigla was also present in 
all of the lakes and ranged from 12 per liter in 
Kossler Lake to 176 per liter in Baszline Reser- 
voir. The annual means indicated in Table 9 should 
only be considered as rough indications of rotifer 
populations and are actually somewhat misleading 
because of the fact that most species were present 
in abundance only for a fev months during the 
year an‘ were commonly absent or rare in the sam- 
ples taken during the greater portion of the year. 
There is a considerable but scattered literature on 
the seasonal occurrence of common plankton species 
(partly summarized by Rylov, 1935), and for this 
reason the various species are here considered indi- 
vidually. 

Asplanchna priodonta Gosse. This species was 
found in four iakes but never in abundance. Small 
numbers were found in Allens Lake in August and 
September; a pulse reaching 51 per liter was present 


TaBLE 9. Mean annual standing crop of plankton 
Rotatoria in seven northern Colorado lakes. Each fig- 
ure is an average value for about 40 to 70 plankton 
samples taken at representative depths at all times of 
the year. Expressed as numbers of individuals per 
liter; a dash indicates less than 0.1 per liter. 
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in Baseline Reservoir in May and June; it was found 
in all months except September, December, and Jan- 
uary in Boulder Lake and reached a maximum of 34 
per liter in June. Except for Allens Lake, these 
results are in agreement with statements of other 
workers, that is, the species is predominantly a late 
spring or early summer form. 

Asplanchna brightwelli Gosse. Small povulations 
occurred in two lakes. A maximum of 50 individuals 
per liter was found in October at Beasley Reservoir, 
and a small population present in Hayden’s 
Lake from July through September. Most accounts 
of this species define it as a late spring or early sum- 
mer form. 

Brachionus anguiaris Gosse. This is a common alka- 
line water species and it was found only in the highly 
alkaline Gaynor Lake. It was collected only in Octo- 
ber when it averaged 93 individuals per liter. It is 
usually described as having both spring and autumn 
maxima. 

Brachionus calyciflorus Pallas. A species usually 
reported from waters which are pronouncedly alka- 
line, but found in small numbers in April in Beasley 
Reservoir which had a bound carbon dioxide con- 
tent of only 40.5 to 63.5 p.p.m. This species usually 
is said to exhibit spring and autumn maxima. 

Brachionus caudatus Barrois and Daday. Small 
populations were present in June in Baseline Reser- 
voir and in Boulder Lake in August. 

Brachionus plicatilis Miller. A large and very 
characteristic brackish and alkaline water species 
found only in Gaynor Lake. It occurred in samples 
collected between May and October, reaching a maxi- 
mum of 3,805 individuals per liter on June 6. A 
single sample collected on this date at a depth of 
one meter contained the enormous concentration of 
5,040 individuals per liter. It apparently has no 
special periodicity but is usually abundant during the 
summer months. 

Brachionus pterodinoides Rousselet. A few indi- 
viduals of this alkaline water species were found in 
Beasley Reservoir in March and April and in Hay- 
den’s Lake in April. It is peculiar in that it was 
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absent from the more alkaline Boulder and Gaynor 
lakes. 

Brachionus urceolaris Miller. A widely distributed 
and cosmopolitan species but found only in Allens 
Lake in small numbers in April. It is usually con- 
sidered a spring and summer form. 

Conochilus wnicornis Rousselet. This species is 
most characteristic of larger lakes. It was found 
only in Beasley Reservoir where it was abundant 
from June through September and reached a maxi- 
mum of 138 individuals per liter in June. It is 
usually deseribed as a year-round form but most 
abundant in the warm months. 

Filinia longiseta (Ehrenberg). This species is 
usually said to be dicyclic, with maxima in summer 
and autumn, although sometimes it exhibits just one 
of these maxima. In the Colorado lakes, however, its 
periodicity did not correspond to these generalizations 
(Fig. 17). In Baseline and Beasley reservoirs it 
exhibited a spring pulse; Boulder Lake had a maxi- 
mum in October and November; and in Hayden’s 
Lake a poorly defined maximum occurred in August. 
The most dense population was 164 organisms per 
liter in Baseline Reservoir in April. 

Keratella cochlearis (Gosse). Though published 
accounts differ somewhat, it seems to be the majority 
opinion that this common and cosmopolitan species 
is usually most abundant during the summer months. 
It occurred in all seven of the Colorado lakes, but as 
shown in Fig. 18, this species differed widely from 
one lake to another in its seasonal occurrence. In 
Boulder Lake, for example, it reached a primary 
maximum of 137 late in May. Baseline Reservoir 
had a large population from November through May, 
reaching a maximum of 224 per liter on March 2. 
Allens Lake had a distinet winter maximum, reaching 
315 individuals per liter in January. The population 
curve for Hayden’s Lake does not show any striking 
pulses, though this species was slightly more abun- 
dant in June and in October through December than 
at other times. The greatest population was found 
in the late autumn in Beasley Reservoir when a 
maximum of 564 individuals per liter was found in 
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November. Only small numbers of K. cochlearis 
were found in Kossler Lake and maximum abundance 
occurred in early September. A few individuals were 
found in the winter samples from Gaynor Lake. 
Thus it is obvious that this species is highly variable 
in its seasonal pulses in the Colorado lakes, and in 
direct contrast to the generally accepted notion, it 
was least abundant in July and August. 

Keratella quadreta (Miiller). This common and 
cosmopolitan species is generally recognized as being 
high variable in its seasonal pulses, but is sometimes 
described as a summer form. It occurred in six of 
the Colorado lakes, but in five of these only in small 
numbers, being found in spring or spring and sum- 
mer. In Gaynor Lake, however, it was collected in 
all months except February and April, and in Sep- 
tember it reached a maximum of 1,012 individuals 
per liter. 

Keratella valga (Ehrenberg). A sporadic species, 
uncommon in the United States, and more character- 
istic of warmer regions. It was found only in Octo- 
ber in Gaynor Lake. 

Lepadella patella (Miiller). A few specimens were 
found in samples from Beasley, Hayden’s, and Koss- 
ler lakes, all in spring and summer. 

Monostyla lunaris (Ehrenberg). A few specimens 
were found in Hayden’s Lake in August and in Koss- 
ler Lake in November. 

Pedalia mira (Hudson). This species is said to 
be a summer form, and in Allens, Baseline, and 
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Boulder lakes it was most abundant during this sea- 
son; on August 1 in Baseline Reservoir it reached 
a maximum of 547 individuals per liter, and in 
Boulder Lake it reached 325 per liter on August 21. 
In Allens Lake a few specimens were found only on 
August 17. 
Polyarthra euryptera (Wierzejski). Found in six 
lakes but common only in four. It is said to reach 
maximum abundance during the warmest months, but 
this generalization was true only for Baseline and 
Allens lakes (Fig. 19) where it reached peaks of 345 
per liter on August 1, and 48 on August 17, re- 
spectively. In Beasley Reservoir, on the other hand, 
it was found only in mid-October (495 per liter), 
and in Kossler Lake it attained a peak of 60 per 
liter on November 5. Only a few seattered speci- 
mens were found in Boulder and Hayden’s lakes. 
Polyarthra trigla Ehrenberg.! This is also a cos- 
mopolitan species, and it was common to abundant 
In temperate latitudes it is said 
to be a perennial form with two or three peaks of 
abundance during the year. In general, P. trigla was 
a regular element of the plankton, being found dur- 
ing all months of the year in four lakes, and being 
especially abundant between April and November 
(Fig. 20). But the seasonal cycles differed widely 
and there were no distinct examples of two or three 
In Gaynor, Kossler, Hayden’s, and Base- 


in all seven lakes. 


maxima. 


1 Carlin (1943) presents taxonomic arguments for discarding 
Polyarthra trigla Ehrenberg in favor of P. vulgaris Carlin. 
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Fig. 18. Annual cycle of Keratella cochlearis populations in six northern Colorado lakes. See legend of Fig. 17 


for additional data— 
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line lakes, for example, there was but a single well 
defined pulse in July, August, and November and 
December, respectively. The Allens Lake population 
reached a maximum of 160 individuals per liter in 
April and tapered off gradually during the summer 
and early autumn. The Beasley Reservoir popula- 
tion varied erratically with peaks in early June, 
mid-August, and mid-October. The Boulder Lake 
population reached a maximum of 90 on April 19 
and a second, poorly defined peak of 62 on November 
24. 

Pompholyx sulcata Hudson. A so-called “summer 
form” which was abundant in Boulder Lake in April. 
A few specimens were also found in Allens Lake in 
July. 

Synchoeta pectinata Ehrenberg. Usually described 
as dicyelic, with summer and autumn maxima. Only 
in Hayden’s Lake, however, did this species have 
such a population pattern; in August the population 
averaged 74 per liter, and in October a second pulse 
reached 46 per liter. In Allens Lake there were 
small pulses in March and June, in Boulder Lake in 
March and July, and in Beasley Reservoir there was 
a single pulse of 35 per liter in September. Kossler 
Lake samples contained just a few seattered indi- 
viduals. 
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Trichocerca multicrinis (Kellicott). Little is known 
about the seasonal occurrence of this species. It was 
found only in Boulder Lake where it was eolleeted 
in all seasons. A maximum of 52 individuals per 
liter was found on October 29. 

Trichocerca stylata (Eyferth). Deseribed as pri- 
marily a summer form, this species was found in 
small numbers in September, July and August, spring 
and autumn, and June through August in Baseline, 
Beasley, Boulder, and Hayden’s lakes, respectively. 

Trichocerca tenuior (Gosse). This species is usually 
listed as a summer plankter, but it was found in 
Boulder Lake between April and June, reaching a 
maximum of 118 individuals per liter in April. 

Thus, as seen from Table 9, Figs. 17 to 20, and the 
foregoing species comments, both the magnitude of 
rotifer populations and the seasonal occurrence of 
individual species were unpredictable and differed 
widely from one lake to another. In the majority of 
lakes each species usually exhibited a single seasonal 
pulse, but sometimes two, and rarely three. Further- 
more, the majority of common species did not show 
a consistent type of population curve from one lake 
to another but varied widely in the time of their 
maximum abundance. These results are in striking 
contrast to the published literature in which most of 
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Fig. 19. 
17 for additional data. 


Annual ecyele of Polyarthra euryptera populations in four northern Colorado lakes. 


See legend of Fig. 
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the common plankton rotifers have been character- 
ized as being consistently abundant at a particular 


time of the year over large geographical areas. Such 
species have been classified as “spring,” “summer,” 


and “autumn” species; or “dicyelic” species with 
maxima consistently at two different times of the 
year; or “perennial” species with no well defined 
seasonal pulses. 

Temperature conditions in Boulder Lake were al- 
most tropical, with a summer maximum of 32.6° and 
a winter minimum of 14.0° (Fig. 9). Yet the rotifer 
pulses in this lake were not essentially different from 
those in the other, colder lakes. Pulses of so-called 
“summer” species, for example, did not necessarily 
appear earlier or persist longer than they did in the 
other lakes. 

If the literature (mainly European) is carefully 
examined, it is often seen that conclusions concerning 
rotifer populations are based on a surprisingly small 
amount of data, that the collecting methods are not 
acceptable from a quantitative standpoint, and that 
extensive collections have rarely been made between 
September and March. A notable exception is the 
recent work of Carlin (1943). It is therefore urged 
that investigators working on plankton populations 
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be cautious about accepting generalizations concern- 
ing the seasonal occurrence of pulses of individual 
species, especially in small and medium-sized lakes. 
It does not seem trite to emphasize once again that 
each lake is an individual problem, with its own 
peculiar chemical, physical, and plankton cycles. 

If all of the data for the individual species of roti- 
fers are combined, the resulting annual curves are those 
shown in Fig. 21. For the most part, the exceptional 
irregularities in these curves are caused by pulses of 
one or two numerically dominant species which hap- 
pened to become extremely abundant at various times. 
The exceptional peaks attained in Gaynor Lake in 
summer and autumn, for example, are caused by 
large numbers of Brachionus plicatilis and Keratella 
quadrata, respectively. Similarly, the generally large 
population in Baseline Reservoir consisted mainly of 
Keratella cochlearis and Polyarthra trigla, but the 
large pulse in August was caused by bursts in the 
Pedalia mira and Polyarthra euryptera populations. 

Certainly Fig. 21 shows no consistant, basic cycle 
in the general rotifer populations. About the only 
justifiable conclusion which can be drawn from these 
data is that the months of December, January, and 
February have consistently low rotifer populations, 
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Fig. 20. 


17 for additional data. 


Annual cycle of Polyarthra trigla populations in seven northern Colorado lakes. 


See legend of Fig. 
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but even then the small January pulse in Allens Lake 
is a contradiction. 
COPEPODA 

Cyclops bicuspidatus Claus. This very common 
open water plankton copepod occurred at all times 
of the year in all seven of the Colorado lakes. All 
nauplii, copepodid, and adult stages have been com- 
bined to give the annual curves shown in Fig. 22. 
Populations ranged from very small numbers in 
Kossler Lake to an enormous concentration in Gay- 
nor Lake. In fact, some single samples in Gaynor 
Lake contained in exeess of 2,000 individuals per 
liter, a figure considerably in excess of maximum 
densities that can usually be attained in laboratory 
cultures of copepods. With the exception of the 
Gaynor Lake population, the curves for this species 
do not fluctuate widely. Gaynor Lake also was the 
only lake showing two pulses, one large one in Octo- 
ber and another in January. Beasley, Allens, and 
Hayden’s lakes all had a single spring pulse. Base- 
line had an indistinet summer maximum, and Kossler 
had an even less distinct autumn maximum. In 
Boulder Lake this species was relatively abundant 
from January through May, but there was no dis- 
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tinct pulse. From the standpoint of these lakes, C. 
bicuspidatus is either monoeyelie, dicyelic, or acyclic, 
and is not characteristic of any particular time of 
the year. If the data contained in Fig. 22 are broken 
down into two age groups, that is, nauplii on the one 
hand and copepodids and adults on the other, it is seen 
that the two groups, on the average, were approxi- 
mately equal numerically, though sometimes nauplii 
were as much as five or six times as abundant as 
copepodids and adults, and vice versa. Furthermore, 
the peaks of abundance of copepodids and adults 
were usually in the same month, one month later, or 
two months later than the population peaks for the 
nauplii. 

Diaptomus siciloides Lillj. This was the only other 
copepod found in the open water plankton, but it 
was never abundant, and in Allens, Beasley, Hay- 
den’s, and Kossler lakes only a few seattered indi- 
viduals were taken. It occurred in the autumn and 
winter in Baseline Reservoir, reaching a maximum 
of 22 per liter on September 4. In Gaynor Lake it 
was collected from August through May and reached 
a peak of 13 per liter in August. In Boulder Lake, 
however, it was present in all months with pulses of 
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See legend of Fig. 17 





Annual cycle of total rotifer populations in seven northern Colorado lakes. 
(From Pennak 1946.) 


Fig. 


21. 
for additional data. 
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33 per liter in June and 24 per liter in November. 
No consistent periodicity can therefore be attributed 
to this species. 

CLADOCERA 

As is usually the case in lakes, the open water 
eladocerans were much less abundant than the cope- 
pods but were represented by more species. Kossler 
Lake had two species, Allens and Beasley lakes had 
five, and each of the others had four. Daphnia long- 
ispina and Bosmina longirostris were the only species 
eceurring in all seven lakes. 

Bosmina longirostris Miiller. Only a few scattered 
individuals of this species were found in Allens, Gay- 
nor, and Kossler lakes, but population curves for the 
other four lakes are shown in Fig. 23. This species 
is usually considered a spring and early summer 
form, and this contention is borne out by the spring 
maxima in Baseline and Beasley reservoirs. In 
Hayden’s Lake, however, it was practically absent in 
the spring but reached a maximum of 392 individuals 
per liter in September. In Boulder Lake, on the 
ether hand, it was absent during the summer but was 
a regular element of the plankton from October 
through May though there were no pulses. 

Ceriodaphnia pulchella Sars. A common and 
widely distributed species which exhibited summer 
pulses in Gaynor, Beasley, and Baseline lakes (Fig. 
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24). In Gaynor the population was exceptionally 
dense and reached 424 per liter in July as compared 
with less than 100 for the other two lakes. The 
Boulder Lake population was somewhat erratic but 
showed poorly defined maxima in spring and autumn. 
Negligible numbers were found in the summer col- 
lections from Allens Lake and the autumn collections 
from Hayden’s Lake. 

Daphnia longispina (Miller). This, the most com- 
mon and widely distributed plankton cladoceran, was 
found in all seven lakes though in negligible numbers 
in Gaynor and Kossler lakes. As seen from Fig. 25, 
this species did not exhibit the extreme numerical 
variation from one lake to another as did the other 
species of entomostraca. Most investigators consider 
D. longispina and its many varieties to be polyeyelie, 
that is, with two or three peaks of abundance during 
the year. Both Boulder and Hayden’s lakes had two 
pulses, the former in January and July, and the 
latter in May and October. Beasley and Baseline 
reservoirs each had a single pulse, the former in 
July and the latter in October. The population in 
Allens Lake, on the other hand, remained relatively 
constant but with slightly greater numbers in late 
spring and summer. 

Daphnia pulex (de Geer). 
cies, especially in smaller bodies of water. 


A very common spe- 
Several 


| J | A | Ss | (e) | N | D 














ae 
Noo} IN 
1000 \ am 
900 \ < 
CYCLOPS BICUSPIDATUS 
800} / 
/ 
/ 
700) / a 
/ 
a / 
2 / 
5 600) ot *\ / 
Sy \ / 
foe oh \ en ] 
o "il x 
a / \ ‘a 
= 500) - \ 
z m \ / 
o Fi \ / 
« r y 
o 7 / - 
400) ie 
AS, & = 
300}— F = 
200}— A — 
2 er? 
y per 845, Z 
an, J HAYDe ? Ling —. 
ss peel - “PEN’s “ “eu ” i =: 
at. hoe See oe ROE py : SSLe | 
Pe See a ae a ie. Se Aa 8 ee = Pe ee. 
eee Tt eee ‘ na BS . a Ia okie eee 
seas ee ears a i een, i eerie ee | Jon at 








lakes. 


Nauplius, cope- 


Fig. 22. Annual cycle of Cyclops bicupsidatus populations in seven northern Colorads 
podid, and adult stages are all included. Each point on the curves represents the average population for sam- 
ples taken at three to six depths between surface and bottom on a particular day. 
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Fig. 25. 
22 for additional data. 


specimens were found in the January samples from 
Gaynor Lake, but it did not occur elsewhere. 

Diaphanosoma leuchtenbergianum Fischer. A com- 
mon open water species found in Allens, Baseline, 
Beasley, and Boulder lakes. Most of the specimens 
occurred in the August and September samples. The 
species reached a maximum abundance of 16 per 
liter on August 15 in Beasley Reservoir. 

Like the curves for the total rotifer populations, 
those for total cladocera populations are highly irreg- 
ular and somewhat confusing (Fig. 26) owing mostly 
to pronounced pulses of single species occurring dur- 
ing different months. In general, however, cladoceran 
populations were lowest between December and 
April. Disregarding the lesser peaks in these curves, 
it can be seen that two lakes, Gaynor and Beasley, 
had single large summer pulses; Hayden’s had a single 
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See legend of Fig. 


large autumn pulse; Boulder had both a spring and 
an autumn pulse; Baseline apparently had three 
pulses, one each in spring, summer, and autumn, and 
each pulse being caused by a different species. Allens 
and Kossler lakes had the smallest populations with 
no pronounced pulses but with a slightly larger popu- 
lation during the summer. Thus it is quite clear 
that the generally accepted notion of two cladoceran 
maxima, one in spring and one in autumn, cannot 
be applied to these lakes. 

Since the species of cladocera and copepods listed 
above undoubtedly all undergo daily vertical migra- 
tory cycles, there is no special advantage to be gained 
in diagramming or discussing the vertical distribution 
pattern for the particular and variable times when 
the samples were taken in the field. 





ie oe ee ee | = oe ae oe eee ee 
lr: mee Y, 1 
160o}— : . 302 4 
140) o: ° ua 
(ALL CLADOcERA) z : 
“op * 
< . 
= : af 
120}— : , 
‘ !" 
F : ~*~ 
3 . / oe 
Nod . al 


ORGANISMS 
@ 
(*) 
[ 











SS a 
A ot \ 2 \ 
riy yx f. 4S 
‘ . \ 3 
\ “. F +) ia 
y ‘\/ \ oe 
1 ‘ \ eT \ 
Ri Jo % bgt * 
en, ¥ Ce 


a 


r~HOe 
4 Ss, Ep 
ae 


= 








Fig. 26. 


22 for additional data. (From Pennak 1946.) 


Annual eycle of total cladoceran populations in seven northern Colorado lakes. 


See legend of Fig. 
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PLANKTON PRODUCTION AND SOME 
CORRELATIONS 


Table 10 is a summary of plankton production 
expressed as mean annual standing crop in a variety 
of ways. The seven lakes are arranged in order of 
increasing mean seston, which ranged from the low 
production of only 1.19 mg. per liter in Kossler Lake 
to the extremely high production of 13.64 mg. per 
liter in Gaynor Lake. The seston figures for these 
two lakes representing both extremes, are correlated 
very well with bound carbon dioxide, and with popu- 
lations of blue-green algae, green algae, protozoa, roti- 
fers, and copepods. Boulder Lake was also highly 
productive, and its mean annual seston corresponded 
well with high bound carbon dioxide, blue-green algae, 
and green algae. Baseline, Hayden’s, Allens, and 
Beasley lakes, however, constitute a relatively homoge- 
neous middle group with respect to their seston, and 
their production capacities, as measured in other 
ways, are not well correlated, though this situation 
is to be expected. 

Nevertheless, considering each vertical column of 
Table 10 separately, it will be seen that bound car- 
bon dioxide, diatoms, blue-green algae, and green 
algae populations are generally arranged in order of 
increasing production and are correlated fairly well 
with mean annual seston. Allens Lake, with only 
14.9 p.p.m. of bound carbon dioxide, is perhaps a 
higher producer than would be expected. Kossler 
Lake had the second highest standing crop of dia- 
toms but was the lowest producer in all of the other 
categories. 


TABLE 10. 
expressed in a 
Colorado lakes. 


Mean annual standing crops of plankton, 
variety of ways, for seven northern 
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Aside from the two extremes represented by Koss- 
ler and Gaynor lakes, the four categories of zoo- 
plankton showed no correlations with other indices of 
production. Of course the “Protozoa” of Table 10 is 
a category composed of such a variety of unicellular 
organisms, both photosynthetic and non-photosyn- 
thetic, that no definite correlations could be expected. 
With respect to the rotifers, it is striking that Base- 
line Reservoir had the second highest mean annual 
standing crop, 479 individuals per liter, but was a 
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poor producer of other groups of zooplankton and 
algae. Conversely, Boulder Lake, a generally high 
producer, had only 163 rotifers per liter. Copepods 
showed a 30-fold range, from 20 individuals per liter 
in Kossler Lake to 602 in Gaynor, but the other five 
intermediate lakes had only a little over a three-fold 
range. Disregarding the negligible cladoceran popu- 
lation of 2 per liter in Kossler Lake, the mean annual 
population covered the comparatively narrow range 
of 16 to 73 per liter. It is rather unusual that the 
highly productive Gaynor Lake had a population of 
only 60 cladocera per liter, a figure exceeded by both 
Hayden’s and Boulder lakes. Perhaps the high sul- 
phate content of Gaynor Lake may be a partial in- 
hibitor for the development of larger populations. 

Gaynor and Boulder lakes were never silted during 
the period of field work, and Beasley Reservoir was 
silted only occasionally. The tow mean annual Secchi 
dise readings for these lakes (0.6, 1.1, and 1.4 meters, 
respectively) are caused chiefly by high seston and 
phytoplankton populations. 

Some investigators maintain that artificial reser- 
voirs reach their maximum biological production 
within three to five years after being formed, and 
that high production is maintained for only three to 
five years; thereafter the “biological balance” becomes 
lost and production is low, and beyond an additional 
ten years such reservoirs are said to be “aged” and 
do not recover. The Colorado lakes, which were all 
formed between 1885 and 1910, should therefore be 
aged and poor producers according to these general- 
izations. With the exception of Kossler Lake, how- 
ever, which is low in dissolved salts, they are actually 
all medium to high producers. 

Anyone who has counted centrifuge plankton sam- 
ples is aware of the fact that the bulk of the material 
seen in the compound microscope field of view con- 
sists of particulate debris. As a result of counting 
the many samples associated with the present investi- 
gation, it is estimated that organic detritus accounted 
for 40 to 90 percent of the total bulk of the seston, 
the remainder being composed of intact phytoplank- 
ton and zooplankton individuals or cells. 

Furthermore, as emphasized in a foregoing section, 
there is no reliable way of separating the phyto- 
plankton element from the zooplankton element in 
order to make comparative gravimetric or volumet- 
ric determinations. On the basis of very rough cal- 
culations in the present investigation, however, it is 
estimated that the total bulk of the phytoplankton 
cells (producers) was usually two to six times as 
great as the total bulk of the zooplankters (con- 
sumers). If the results of Juday (1942) are cor- 
rected in order to discount the inclusion of detritus 
along with phytoplankton, they are of about the same 
magnitude. Riley (1940) obtained a mean phyto- 
plankton: zooplankton ratio of 4.5:1 for Linsley 
Pond in Connecticut. Ruttner (1937), however, ob- 
tained P-Z ratios ranging from 1:0.5 to 1:13.6 for 
east Alpine lakes; six out of these nine lakes showed 
a volume of zooplankton exceeding the volume of 
phytoplankton, and in view of the contrary conelu- 
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sions of many other workers, it seems likely that 
Ruttner’s calculations are in error. Certainly the 
present writer has found no such ratios for Colorado 
mountain lake plankton. 

The mean annual standing crop data and annual 
curves of abundance for the various groups as given 
here should by no means be accepted as being con- 
stant from one year to the next. Even as long ago 
as 1897, Birge pointed out the fact that zooplankton 
pulses differed considerably in their time of appear- 
ance and magnitude from one year to another; 
Damann (1945) demonstrated a two-fold variation in 
the annual diatom yield in Lake Michigan over a 
period of 17 years; and Chandler and Weeks (1945) 
reported almost a four-fold variation in the annual 
phytoplankton crop in Lake Erie. 

Although mean annual phytoplankton is undoubt- 
edly a better and more constant measure of production 
than the smaller mass of zooplankton, the general 
opinion is growing that mean annual seston is our 
most reliable criterion of the standing crop of plank- 
ton and is much less variable than phytoplankton or 
zooplankton or any single taxonomic group of the 
plankton. Compared with the plankton, the year- 
round curves for seston are comparatively flat and 
generally lacking in spectacular seasonal pulses. Nev- 
ertheless, it is not unlikely that there are greater 
annual variations in the seston of small to medium- 
sized lakes than in large lakes where ecological condi- 
tions are relatively stable and change more gradually. 

The occurrence of general plankton pulses, as well 
as pulses of single species, have often been at least 
partially ascribed to the cyele of overturn and strati- 
fication with their accompanying alternate distri- 
bution of plant nutrients and accumulation in the 
bottom waters. Such conditions, especially attributed 
to large lakes, usually are assumed to be associated 
with spring and autumn plankton maxima. 

On the other hand, if a lake is shallow and essen- 
tially in complete circulation throughout the year, it 
is obvious that there is no appreciable accumulation 
of plant nutrients in the bottom waters, and it could 
be postulated that mineralization and reutilization 
would occur more regularly and constantly, and that 
there would not be pronounced variations in nutrients 
such as phosphates and nitrates. Consequently there 
might be some justification in expecting more con- 
stant plankton populations without one or two strik- 
ing seasonal pulses, but perhaps with more frequent 
pulses of smaller proportions. 

As has been shown in a previous section, Beasley, 
Gaynor, Boulder, and Kossler lakes were all essen- 
tially in complete circulation throughout the year 
or had only temporary stratification. Baseline and 
Hayden’s lakes had a summer epilimnion and thermo- 
cline; Allens Lake had complete stratification, with 
epilimnion, thermocline, and hypolimnion. Yet all 
seven of these lakes varied widely from each other 
with respect to plankton pulses, and no correlations 
could be found between the magnitude of pulses and 
time of pulse occurrence on the one hand and tem- 
perature and stratification on the other. 
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The apparent appearance, greatest abundance, and 
apparent disappearance of a particular species from 
the plankton is undoubtedly an extremely complicated 
problem, and like so many ecological puzzles, the 
solution may ultimately depend upon controlled lab- 
oratory experimentation. Indeed, it is most grati- 
fying to note that several laboratories, both in the 
United States and in Europe, are now actively en- 
gaged in investigations of various limiting factors, 
light, nutrients, and temperature requirements of 
individual plankton species. Under natural condi- 
tions, however, many additional ecological factors un- 
doubtedly enter into the complex; some of these are: 
growth promoting substances, growth inhibiting sub- 
stances, external metabolites, competition, osmotic 
relationships, meteorological conditions, water move- 
ments, physiological vigor and activity, consumption 
by herbivores and predators, life cycle, and age of 
the individual plankters. 

The numerical ratios of phytoplankton to zoo- 
plankton and the relative importance of algae and 
detritus as food for zooplankton in the Colorado lakes 
have been discussed at length by the present writer 
(Pennak 1946); consequently such material and the 
accompanying statistical analyses will not be repeated 
here. Nevertheless, it should be emphasized again 
that no correlations between the magnitude of algal 
populations and zooplankton populations could be 
found, and it is coneluded that “(1) there are sel- 
dom obvious numerical relationships between pulses 
of zooplankton and algae and that these may well 
be fortuitous relationships, (2) food materials do not 
appear to be a limiting factor for the total zooplank- 
ton populations, and (3) the relative significance of 
algae and particulate detritus is unknown, but it is 
likely that the latter may be an important food 
source.” The last point is also stressed by Jarnefelt 
(1940). 

As a result of the writer’s rather extensive experi- 
ence in studying natural plankton populations in 
both the present investigation and others, it does not 
seem inappropriate to add, by way of conclusion, a 
few precautions which should be observed in such 
investigations: (1) Single surface samples (townet 
or trap) are of little or no value in estimating a 
plankton population, either quantitatively or quali- 
tatively. (2) A population estimate should be based 
on a series of samples spaced rather evenly between 
surface and bottom. (3) Over-all plankton produe- 
tion estimates should be based on year-round condi- 
tions, preferably an average of monthly conditions; 
the “summer standing crop” is sometimes a useful 
value, but such estimates are often faulty because of 
the omission of important aspects of the spring and 
autumn plankton picture; winter plankton popula- 
tions are generally low, but there are such frequent 
exceptions that they should also be taken into con- 
sideration. (4) In small to medium-sized lakes there 
do not seem to be any general or consistent plankton 


cycles and certainly no “typical” lakes. 
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SUMMARY 


The physical, chemical, and plankton cycles of 
seven widely differing northern Colorado artificial 
reservoir lakes were studied on a year-round basis. 
Six lakes are in the plains zone and one in the foot- 
hills. Their areas range from 4.9 to 42.8 hectares 
and maximum depths from 3.1 to 12.4 meters. Each 
lake was visited about once a month for a year, and 
on each date vertical series of temperature, dissolved 
oxygen, free carbon dioxide, bound carbon dioxide, 
pH, and quantitative determinations of phytoplank- 
ton, zooplankton, and seston were made. 

Allens Lake (the deepest) had complete summer 
stratification; Baseline and Beasley lakes developed 
only an epilimnion and thermocline; the other four 
lakes were more or less in complete circulation 
throughout the year. The waters of Boulder Lake 
were used for cooling the condensers of a steam 
power plant, and the summer maximum and winter 
minimum were 32.6° and 14.0°. The other six lakes 
were ice-covered for variable periods and had sum- 
mer surface maxima of 19.0° to 27.5°. 

The upper half of all lakes was usually 90 to 120 
pereent saturated with oxygen throughout the vear. 
Allens Lake showed complete oxygen exhaustion in 
the hypolimnion; in the lowermost meter of Boulder, 
Hayden’s, Beasley, and Baseline lakes the oxygen con- 
tent fell as low as 5 to 40 percent saturation during 
midsummer. Kossler Lake (in the foothills) was 
always in the vicinity of 100 percent saturation at 
all depths. The persistent, large phytoplankton 
population of Gaynor Lake produced winter oxygen 
saturations in excess of 250 percent under ice. 

The compensation point for these lakes is shown 
to be about 1.8 to 2.0 times the maximum summer 
Secchi dise reading. 

In the three most productive lakes free carbon 
dioxide values were almost invariably negative at 
all depths because of algal photosynthesis. In the 
less productive lakes most readings ranged between 
—6.0 and 5.0 p.p.m. The highest free carbon dioxide 
reading was only 14.0 p.p.m. 

Mean annual bound carbon dioxide ranged from 
10.6 p.p.m. (medium) in Kossler Lake to 132.4 
p-p.m. (very hard) in Gaynor Lake. Summer strati- 
fication of bound carbon dioxide was pronounced only 
in Hayden’s Lake. 

Hydrogen ion determinations of surface and bot- 
tom waters seldom differed by more than 0.2 of a 
pH unit. Kossler and Allens lakes had annual modes 
of pH 7.1 and 7.3, respectively, for the surface 
vaters. All other lakes had modes of pH 8.5 or 8.6. 

Total organic matter in the surface waters reached 
the surprising figure of 789.8 mg. per liter in Gaynor 
Lake. In the other six lakes it ranged from 7.6 
(Kossler) to 24.4 mg. per liter (Beasley). Cor- 
responding data for the ash content of these three 
lakes were 4612.5, 24.2, and 242.8 mg. per liter. 

The seasonal occurrence of maximum seston varied 
from lake to lake but always occurred between April 
October. Lake had the lowest mean 


and Kossler 
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annual standing crop with 1.19 mg. per liter. Gay- 
nor Lake had a very high seston, 13.64 mg. per liter; 
Boulder Lake had the second highest seston, 4.66 mg. 
per liter. Mean seston for all depths of all lakes 
averaged 19 percent higher than surface determina- 
tions. 

Annual curves of abundance are given for diatoms, 
blue-green algae, green algae, and protozoa for each 
of the seven lakes. The magnitude of the popula- 
tions and occurrence of seasonal pulses differed 
enormously from lake to lake for each of these groups. 
No consistent, “typical” annual population patterns 
were found. In some instances there were no obvious 
pulses; in others there were one, two, or three pro- 
nounced pulses during the course of a year. July 
and November were generally times of poor diatom 
production; blue-greens were least abundant between 
December and April; greens were least abundant be- 
tween November and February; protozoa were least 
abundant between November and March. 

The seven lakes contained 25 plankton species of 
rotifers, two copepods, and five cladocerans. Annual 
curves of abundance are given for the common, indi- 
vidual species, and these populations were also highly 
variable from lake to lake with respect to both num- 
bers and the seasonal occurrence of their maximum 
and minimum numbers. No species were found to 
be consistently monocyelic, dicyelic, or most abundant 
during a particular season of the year. Rotifer 
populations were generally low from December 
through February; cladocerans were least abundant 
between December and April; copepods were highly 
variable. 

It is concluded that seston is the most reliable and 
least variable measure of the mean annual standing 


crop of plankton. Mean annual seston showed 
excellent correlations with blue-green algae and 


green algae, and good correlations with bound ear- 
bonate content and diatom populations. Mean annual 
standing crops of protozoa, rotifers, copepods, and 
cladocerans were poorly correlated with seston and 
phytoplankton. 

Kossler Lake was the least productive lake and 
Gaynor Lake most productive. Mean annual stand- 
ing crops of plankton in these two lakes were as fol- 
lows, respectively: diatoms, 900,000 and 3,600,000 
cells per liter; blue-green algae, 40,000 and 20,200,000; 
green algae, 10,000 and 3,600,000; protozoa, 1,100 and 
767,400 cells per liter; rotifers, 30 and 774 individuals 
per liter; copepods, 20 and 602 per liter; and clado- 
cerans, 2 and 60 per liter. 

Though more than 40 years old, at least five of the 
lakes were relatively high plankton producers. 

No correlations could be found between the seasonal 
occurrence and magnitude of plankton populations 
on the one hand and the annual eyeles of temper- 
ature and dissolved oxygen conditions on the other 
hand. 

With reference to the plankton of 
medium-sized lakes, it is emphasized that there is no 
such thing as a “typical” lake. Each body of water 
has its own peculiar and variable plankton population. 


small and 
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Estimates of plankton production should be based 
on year-round sampling at several representative 
depths. 
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THE ROLE OF SOME BIRDS AND MAMMALS 


IN SEED GERMINATION? 


INTRODUCTION 


The importance of birds and mammals as agents 
of plant dissemination has long been recognized. In 
addition to the attachment of seeds, fruits, or entire 
plants to birds and mammals, much importance must 
also be placed on seed dispersal resulting from in- 
gestion in one locality and evacuation in another. 
However, this is true only of seeds which have hard 
coats or are small in size for they alone can with- 
stand passage through the digestive tracts. Such 
treatment, because of the scarifying effect on the 
seed coat caused by the grinding action in the giz- 
zard or by stomach acids, might well be expected to 
facilitate the germination of at least the harder seeds. 

The purpose of this paper is to present the results 
of controlled laboratory experiments with seeds re- 
covered from the digestive tracts of various birds and 
mammals, and to show that the effect of such inges- 
tion is often more important to the plant than simple 
mechanical dispersal. 


PREVIOUS STUDIES 


Numerous papers dealing with the relationship of 
animals to the dissemination of ingested seeds have 
been published.* Although most of the literature has 
experimental basis, many of these reports have been 
based almost entirely on observation and assumption. 
Thus, Phillips (1910), in noting how juniper seed- 
lings (Juniperus spp.) are distributed along fence 
rows and elsewhere, concluded that dissemination of 
this seed is almost entirely due to birds. Beal 
(1910), upon recovering whole seeds of poison oak* 
in the droppings of California thrashers and other 
birds, assumed that this species was also bird dis- 
tributed although he made no tests to determine if 
the seed was germinable. Fabricius (in Rudolf 
1936) noted that seed of European mountain ash 
(Sorbus aucuparia) commonly germinated well after 
ingestion by birds. 

Observations have also been made on the germina- 

2The authors are deeply appreciative of the assistance given 
by Dr. G. A. Swanson of the U. S. Fish and Wildlife Service 
(formerly with the Division of Economic Zoology, University of 
Minnesota), and by Dr. H. L. Shirley of the New York State 
College of Forestry (formerly of the Lake States Forest Experi- 
ment Station), under whose joint direction the study was ini- 
tiated. Credit is also due to Shaler E. Aldous of the U. 8S. 
Fish and Wildlife Service and Vincent Reid of the Minnesota 
Conservation Department, who fed and recovered seeds of sev- 
eral of the species. The authors are also indebted to the late 


Earl T. Mitchell of the Wisconsin Department of Conservation 
for carrying out the feeding experiments on songbirds. 


bg McAtee (1947) cites almost 100 American references per- 
taining to the dispersal of seeds by birds alone. 
* Scientific names of plants and animals are given in this 


paper only when cited by the author. 
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tion of seed after passing through mammals. 
(1929) reported that the droppings of elephants in 
Tanganyika commonly contain seeds of palmyra palm 
(Borassus flabellifer aethiopum), and that such seeds 
will germinate. In his monumental work on plant 
dispersal Ridley (1930) pointed out that the seeds of 
more than 50 species of plants were known to have 
germinated after passage through horses. 

A limited amount of work has been carried on 
with seeds regurgitated by birds and thus exposed to 
digestive action for only a short period. Most of the 
past studies, however, have been confined to seeds 
that had passed through the digestive tracts and had 
thus been subjected to considerable scouring action 
in the gizzards. One of the first investigators was 
Judd (1902), who recovered seeds of various eastern 
shrubs, which later germinated, from pellets regur- 
gitated by crows. Earlier studies by the same author 
(1901) with seeds recovered from droppings proved 
less successful. Of several kinds of seed fed to cap- 
tive sparrows, only that of amaranth recovered from 
a song sparrow was uninjured and germinated. Those 
of several other species fed to English sparrows, on 
the other hand, were completely destroyed. Destrue- 
tion of seed during the digestive process was also 
pointed out by MeAtee (1905). Examination of the 
stomach contents of 1,154 horned larks showed that 
the strong muscular gizzards of these birds so crushed 
the seeds they contained that none, not even cherry 
pits, were capable of germination. 

Other workers have also had negative or poor re- 
sults with seed recovered from droppings. Sayle 
(1924) foree-fed pigeons (Columba livia) and found 
these birds to digest strawberry, apple, and grape 
seeds, but to regurgitate whole cherry stones. In ex- 
perimental feedings with California linnets (Carpo- 
dacus mexicanus frontalis), Roessler (1936) found 
that only 7 of 40,000 seeds of various herbaceous 
plants would germinate. Somewhat more successful 
were the studies of Collinge (1913), who germinated 
a total of 281 herbaceous plants from 142 droppings 
of house sparrow, bullfinch and green finck. This 
author also reports on the work of Kerner, who fed 
fruits and seeds to three groups of birds. In one 
group the seeds were almost entirely ground up in 
the gizzards; in the second, hard-coated seeds of 
various drupes and berries passed through ravens and 
jackdaws in an apparently germinable condition; and 
in the third group, composed of songbirds, germina- 
tion ranged from 75 to 88 percent. Kerner is also 
reported by Ridley (1930) to have conducted tests 











with seeds which had passed through domestic ani- 
mals. A few millet seeds were germinated from ox 
droppings while oats and one or two lentil seeds 
passed uninjured through a horse. Seeds of tatarian 
dogwood (Cornus alba), sea-buckthorn (Hippophae 
rhamnoides), privet (Ligustrum vulgare), curled 
mallow (Malva crispa), radish (Raphanus sativa), 
and black locust (Robinia pseudoacacia) could all be 
germinated after passage through a pig. Similar 
work in Denmark by Dorph-Petersen (1925) with a 
domestic fowl, a pig, and two cows which were fed 
seeds of 19 common weeds, showed low to high 
germination for 15 of these species. In Kansas 
Riegel (1941, 1942) recovered the seeds of prickly 
pear (Opuntia sp.), sand dropseed (Sporobolus 
cryptandrus ), pig-weed (Amaranthus sp.), and witch 
grass (Panicum cappilare) from the pellets of cot- 
tontails (Sylvilagus sp.) and jack rabbits (Lepus 
californicus melanotis) and found that some would 
germinate. 

All of the studies referred to so far have been 
concerned only with the germinability of seed after 
passage through animals. Their main objective was 
to determine whether or not seeds were injured dur- 
ing the digestive process, and hence could be dis- 
persed in sound condition. A few workers have also 
looked into the possible benefit to germination de- 
rived by seed after ingestion by birds and mammals. 
One of the earliest references implying such benefit 
from seed ingestion is that of Lyell (1847) who (in 
Ridley 1930) stated that turkeys in England were 
fed the fruit of white thorn (Crataegus oxyacantha) 
and the seeds in the droppings were later collected 
for use in establishing hedges. An entire year’s 
growth was gained by this practice. Ridley also 
states that in Asia and Africa seeds of coffee which 
had been evacuated by civets were considered so 
valuable at one time that boys were employed to col- 
lect them for planting. Studies by Barrows (1888) 
of the food habits of crows showed that the seed of 
poison ivy (Rhus toxicodendron) recovered from the 
droppings at the roosts of these birds germinated 
more quickly than that from fruit picked from the 
vines; and similar results were reported for seed of 
poison sumae (R. venenata, later called R. vernix and 
now known as Toxicodendron vernix). However, it 
is not clear whether egested seed and control seed 
were strictly comparable as to age and dormancy. 

The first controlled experiment known with egested 
seeds was that of Guppy who, according to Ridley 
(1930), fed fruits of pondweed (Potamogeton natans ) 
to a domestic duck in the month of December. The 
seeds appeared in the droppings in large numbers 
with only the soft seed coat coverings removed. 
Sixty percent germinated the following spring com- 
pared to one percent for the controls. Only slight 
benefit was found by Harvey (1915) to have resulted 
in the germination of Virginia creeper (Parthenocis- 
sus quinquefolia) seeds recovered from the droppings 
of wild English sparrows (Passer domesticus )—95 


versus 85 percent. Low (1937) fed seeds of alkali 
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bulrush (Scirpus paludosus) to a tame mallard duck 
and obtained almost complete germination, whereas 
that of control seed was very poor. In Denmark, 
Bornebusch (1939) found that European mountain 
ash seed which had passed through black birds 
showed some germination the first spring after sow- 
ng, whereas non-ingested seed did not germinate for 
another year. 

A few studies have also been reported in which 
‘ontrolled tests were run on seed ingested by mam- 
nals. Troup (1921) reports on the tests of Sind, who 
“ed four lots of babul acacia (A. arabica) pods to 
sheep and goats in order to speed up the germination 
All of the seed which was later regurgitated 


process. 
during rumination showed increased germination 


ranging from 7 to 35 percent. Because of this bene- 
ficial effect, acacia seed from goat and sheep pens is 
said to be used extensively in nursery sowings in 
India. 

Timmons (1942) working with prickly pear seed 
in Kansas found the germination of seeds recovered 
from the pellets of wild jack rabbits to be 50 percent 
higher than the controls. Subsequent studies by 
Brown (1947) in this same area not only confirmed 
Timmons’ findings, but also showed that these ani- 
mals as well as cottontails may have a_ beneficial 
effect on the germination of buffalo grass and smooth 
sumac. 

Probably the most comprehensive studies of this 
kind published to date, however, are those of Swank 
(1944) who tested germination of seeds recovered 
from droppings of both wild and captive pheasants. 
Of a total of 133 seeds recovered from the wild 
birds, 45 germinated including a few seeds of poison 
sumae (Rhus vernix), staghorn sumae (R. typhina), 
clover, nightshade (Solanum sp.), and other herbs. 
Tests with the captive pheasants were run with 
larger numbers of seed and were compared with tests 
on control lots. The 20 birds used were fed fruits 
of poison sumac, staghorn sumac, wild grape (Vitis 
spp.), Virginia creeper, wild rose (Rosa spp.) and 
nightshade; also seeds of black locust (Robinia pseu- 
doacacia), alfalfa, clover, millet, and flax. Many 
seeds were destroyed during the digestive process, but 
of those recovered, tests showed germination of black 
locust, nightshade, staghorn sumac, and clover to 
have received definite benefit from passage through 
the digestive tracts of the birds. Poison sumac and 
flax seeds fed to the birds showed slightly higher 
germination, but the differences seem hardly signif- 
icant, the weighted average germination of all poison- 
sumac feeding tests being only two percent higher 
than that for ‘control seed. No germination was ob- 
tained from rose seed, since most of the seed was 
crushed. Swank also reported injury to seed of many 
other species fed, although Fried (1938) found that 
the hard-coated seeds of wild rose, snowberry (Sym- 
phoricarpos albus), wild grape, and smooth sumac 
(Rhus glabra) were nearly always voided in a whole 


condition. 
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PRESENT STUDY 


Although it appears that considerable attention 
has been given to the germination of seeds after pas- 
sage through birds and mammals, much of the work 
done in the past has been rather inconclusive. Many 
of the tests of such seed had no control; others were 
based on very small samples; still others were con- 
ducted under artificial conditions with little or no 
knowledge of the germination behavior of the seed 
being studied. Practically all of the past work has 
been concerned with the role of birds and mammals 
as agents of seed dissemination. Many investigators 
apparently did not realize that such seed might also 
be evacuated in a more readily germinable condition. 

The studies reported here were started in 1938 at 
the Division of Entomology and Economie Zoology of 
the University of Minnesota, University Farm, St. 
Paul, Minnesota, with the cooperation of the Lake 
States Forest Experiment Station and the U. S. Fish 
and Wildlife Service. The University and the U. S. 
Fish and Wildlife Service conducted the animal feed- 
ing tests and recovered the seeds from the droppings, 
while the Experiment Station made the laboratory 
germination tests. 

The principal objective was to determine the effect 
that passage through the digestive tracts of various 


birds and mammals might have on the subsequent 
germination of recovered seeds. Were such seeds 


harmed? Were they made more readily germinable, 
or was the only benefit that of evacuation in a pulp- 
free condition at some distance from the mother 
plant? These were the questions which the study 
was designed to answer. 

It was realized that many seeds would be destroyed 
during the digestive process but of primary concern 
were the seeds that escaped destruction. If the 
germination studies indicated that such seeds, in addi- 
tion to being dispersed, were voided in a more ger- 
minable condition, the findings would have much 
ecological significance. To the important role of 
birds and mammals in spreading seeds into new areas 
would be added that of increasing the chances for 
such seeds to develop into seedlings. Although such 
a relationship is implied by the work of various re- 
search workers, none has stressed its importance. 

Due to the nature of the experiments, the number 
of species of birds and mammals that could be used 
in the feeding trials was limited. Most of the ex- 
periments were conducted with captive ring-necked 
pheasants (Phasianus colchicus torquatus) and bob- 
white quail (Colinus virginianus) (hereafter referred 
to as pheasants and quail), which were fed fruit of 
various trees and shrubs often used as game food. 
Several other species of birds and mammals were 
also used in the studies. A complete list of the com- 
mon and scientific names of the animals used, together 
with those of the seeds studied, including souree and 
time of collection, and the dates of feeding are given 
in Table 1. For the most part, the feeding was done 
with dried or semi-dried fruits which had been kept 
in cold storage for various periods. Some fruits 
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were also fed fresh within a day or so after collec- 
tion. In several of the early experiments, the num- 
ber of seeds fed was determined by actual count. 
For those fruits which contained several seeds, the 
number fed was determined by counting those in a 
representative sample. Grit was also supplied to 
pheasants and quail. The fruits of one species at a 
time were fed for a period of two or three days, 
and the animals then returned to a normal diet. 

The number of captive animals used in the ex 
periments varied from six to twelve for pheasants 
and quail to one for all other birds and mammals. 
All were kept in pens or cages with floors to facilitate 
recovery of seeds from the droppings. The latter 
were collected daily and the seeds recovered from them 
within a day or two. The seeds were washed clean 
and either sown immediately or dried, placed in sealed 
containers, and stored at 41 degrees F. to prevent 
deterioration. However, in three instances, drop- 
pings containing seed were stored at room temper- 
ature for about three months before the seeds were 
washed out and tested for germination. 


TREATMENT OF SEED PRIOR TO 
TESTING 


When the studies were begun, little was known 
regarding the germination behavior of the seeds of 
most of the species to be tested. It was suspected 
that many seeds might be dormant and require some 
type of pretreatment to induce germination. 

Dormancy in seed may be classified into three main 
types: (1) seed-coat dormancy, (2) internal or em- 
bryo dormancy, and (3) double dormancy. Seeds of 
the first type usually have an impermeable or hard 
seed coat® which prevents the absorption of water or 
oxygen or possibly both, and germination is thus in- 
hibited. Not all hard seeds have impermeable seed 
coats. Plum and peach stones have very hard coats 
but appear to have only internal dormancy. This 
second type is generally the result of unfavorable 
biochemical conditions® within the embryo or within 
the food reserves of the seed. Double dormancy is 
caused by a combination of seed coat with internal 
dormancy. 

Seed-coat dormancy usually can be overcome in the 
laboratory by any one of the following methods: 
(1) by prolonged exposure of the seed to moist con- 
ditions at warm temperatures such as 68 to 86 de- 
grees F. (warm stratification); (2) by mechanical 
searification; (3) by soaking in sulphurie acid; or 
(4) by soaking in very hot water. In nature, a 
treatment much like the first method undoubtedly 
results from action of fungi, bacteria, and possibly 
soil acids as the seeds lie or the ground during the 
warm summer months. A treatment analogous to 
the other three methods of overcoming seed-coat 
dormaney probably results in nature from passage 

5In dogwoods, hawthorn, cherry, rose, sarsaparilla, and west- 
ern snowberry, the outer covering of the seed, which may be 
considered the seed coat, consists of the true seed enclosed in 
the bony pericarp. 


6 Such as the existence of the food in a complex insoluble 
form and hence unavailable for the growth of the embryo. 
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Birds, mammals, and seeds used in feeding 
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Experimental animal used 


Birps 
Ring-necked Pheasant 
(Phasianus colchicus torquatus) 


Bobwhite quail 
(Colinus virginianus) 


Catbird (Dumetella carolinensis) 


Sharp-tailed Grouse 
(Pedioecetes phasianellus 
campestris) 


Eastern Robin 
(Turdus migratorius) 


Cedar Waxwing 
(Bombycilla cedrorum) 


MAMMALS 
Bear (Ursus americanus) 


Eastern Chipmunk 
(Tamias striatus) 


Western Chipmunk 
(Eutamias minimus) 
Deer Mouse 
(Peromyscus maniculatus) 





Condition | 


Seed studied 


Captive 


do 


Common barberry 
(Berberis vulgaris) t 
American bittersweet 


| (Celastrus scandens) 


do 


do 


do 
do 


do 
do 
do 
do 


do 


do 


do 
do 
do 
do 
do 


do 
do 


do 
do 
do 
do 


do 


do 
do 
Wild 
do 
do 


do 


Wild 
Captive | 

Wild 
Captive 


do 
do 
do 
do 
do 


Wild 


do 
Captive | 


do 
do 
do 
do 
do 
do 
do 


*In the case of wild birds and mammals. 
tScientific names follow Kelsey and Dayton (1942). 


tHad to be soaked before birds would eat it. 


Blueberry 


Gray dogwood 


(Cornus racemosa) 


| Redosier dogwood 


(C. stolonifera) 
Hawthorn (Crataegus sp.) 
Choke cherry 

(Prunus virginiana) 
Smooth sumac (Rhus glabra) 
Wild rose (Rosa sp.) 
Meadow rose (R. blanda) 
American elder 

(Sambucus canadensis) 


| Carrion-flower 


(Smilax herbacea) 
Poison sumac 
(Toxicodendron verniz) 


| Riverbank grape (Vitis riparia) 


American bittersweet 
Gray dogwood 
Hawthorn 


| Virginia creeper 


(Parthenocissus sp.) 


| Smooth Sumac 
| Black Locust 


(Robinia pseudoacacia) 
Meadow Rose 
Poison Sumac 
Riverbank Grape 
Tatarian Honeysuckle 
(Lonicera tatarica) 
Missouri Gooseberry 
(Ribes missourtense) 
Blackberry (Rubus sp) 
American Elder 
Wild Rose 
do 
Western Snowberry 
(Symphoricar pos occidentalis) 


| Poison Ivy 


(Toxicodendron radicans 
rydbergii) 


| Tatarian Honeysuckle 


do 
White Mulberry (Morus alba) 
Black Cherry 
(Prunus serotina) 


| Blackberry 


American Elder 

Missouri Gooseberry 

Blackberry 

Blackcap Raspberry 
(Rubus occidentalis) 


| Wild Sarsaparilla 


(Aralia nudicaulis) 


| Blueberry (Vaccinium sp.) 


Creeping Snowberry 
(Chiogenes hispidula) 

Red Raspberry (Rubus idaeus) 

Blueberry 

Red Raspberry 

Blueberry 

Creeping Snowberry 

Red Raspberry 


Condition 
of seed 


Dried fruit 
do 
do 
do 


dot 
Fresh fruit 


Dried fruit 
do 
do 
do 


do 


do 


do 
do 
do 
dot 
do 


do 
Dried Seed 


Dried Fruit 
do 
do 
Fresh Fruit 


do 


} do 

do 

| Dried Fruit 
do 
do 


do 


Fresh Fruit 
do 
do 
do 


do 
do 
do 
do 
do 


do 
do 


do 
do 
do 
do 
do 
do 
do 


Date of feeding 


January 1939 
May 1940 
January 1939 
Spring 1941 


January 1939 
August 1941 


January 1939 
May 1940 
January 1939 


Spring 1941 


January 1939 
January 1939 


Spring 1941 

November 1938 
Nov.-Dec. 1938 
Oct.-Dec. 1938 
November 1938 


October 1938 
November 1938 


Nov.-Dec. 1938 
December 1938 
Oct.-Nov. 1938 
Mid-August 1941 


Mid-July 1941 
Early August 1941 


Mid-August 1941 
Winter 1937-1938 


Early Winter 1938-1939 


Winter 1937-1938 


do 


Mid-July 1938 
Mid-August 1941 
Mid-June 1939 
Early August 1941 


do 
Mid-August 1941 
Mid-July 1941 

do 

do 


Aug.-Sept. 1938 


- do 


| Mid-September 1940 


Late July 1940 

do 
Late July 1940 

do 
Mid-September 1940 
Late July 1940 

do 


Source of seed 


Southeastern Minn. 


Winona Co., Minn. 


Cass Lake, Minn. 


Southeastern Minn. 


Baraga Co., Mich. 
St. Paul, Minn. 


Vernon Co., Wis. 
Winona Co., Minn. 
St. Paul, Minn. 


| Southeastern Minn. 


St. Paul, Minn. 
Forest Lake, Minn. 
Southeastern Minn. 


St. Paul, Minn. 
Cass Lake, Minn. 


| Baraga Co., Mich. 


St. Paul, Minn. 


Vernon Co., Wis. 
Minneapolis, Minn. 


St. Paul, Minn. 
Forest Lake, Minn. 
Vernon Co., Wis. 
St. Paul, Minn. 


do 


do 

do 
Denbigh, N. D. 

do 

do 


do 


St. Paul, Minn. 
do 
do 
do 


do 
do 
St. Paul, Minn. 
do 
do 


Ely, Minn. 


do 
do 


do 
do 
do 
do 
do 
do 


do 


Date of collec- 
tion of fruit 
or droppings* 


Fall 1938 
Fall 1939 
September 1938 
Fall 1940 


September 1938 
August 1941 


September 1938 
Fall 1939 
November 1938 
August 1940 


Fall 1938 
November 1938 
Fall 1940 
Fall 1938 


September 1938 
September 1938 


Fall 1938 


Fall, 1938 
do 


November 1938 


do 
September 1938 
Mid-Aug. 1941 


Mid-July 1941 


Early Aug. 1941 
Mid-Aug. 1941 
Mid-Mar. 1938 
January 1939 


| Mid-Mar. 1938 


do 


Mid-July 1938 


| Mid-Aug. 1941 


Mid-June 1939 


Early Aug. 1941 


do 


| Mid-Aug. 1941 


Mid-July 1941 
do 
do 


September 1938 


do 


| Mid-Sept. 1940 


Late July 1940 
do 

Late July 1940 
do 


| Mid-Sept. 1940 


Late July 1940 
do 
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through the digestive tracts of mammals and birds.7 

Internal dormancy is overcome artificially by cold 
stratification or exposure of the seed to moist con- 
ditions at a low temperature—41 degrees F. is opti- 
mum for most species. In nature this occurs while 
the seed lies on the ground over winter, provided it 
is kept from drying out. 

Double dormancy can be overcome in the laboratory 
by either warm stratification, mechanical searifica- 
tion, or soaking in acid in combination with cold 
stratification. In nature, seeds having this type of 
dormancy are believed to germinate the second spring 
after the autumn in which they ripen. During the 
first winter internal dormancy cannot be broken be- 
cause of the fact that while the temperature condi- 
tions may be satisfactory, the impervious nature of 
the seed coat probably prevents the absorption of 
sufficient moisture. When warm weather comes, the 
action of soil fungi and bacteria makes the seed coat 
permeable so that the necessary biochemical changes 
which are a part of the breaking of internal dormancy 
ean occur during the months of the second winter. 
Some of the seeds which mature in midsummer and 
possibly some of the autumn ripening seeds which 
have been ingested by birds probably deviate from 
this pattern by germinating the following spring. 

Since the germination behavior of many of the 
seeds studied was not fully understood, the possibility 
of occurrence of the three types of dormancy had to 
be considered in working out the pretreatments to 
be applied. If little was known about the behavior 
of a seed, the control sublot was usually given the 
following treatments: (1) cold stratification for vari- 
ous periods to break possible internal dormancy, 
(2) warm-plus-cold stratification to overcome double 
dormancy, (3) acid treatment for seed-coat dormancy, 
and (4) no treatment. 

Seed which had been recovered from droppings 
was usually given (1) cold stratification, and (2) no 
pretreatment since it was reasoned that if the seed 
possessed any seed-coat dormancy, this might have 
been overcome during the digestive processes. If no 
germination was obtained from these treatments, then 
the sublot which had been given no pretreatment® 
was placed in the cold room, and warm-plus-cold 
stratification thus obtained. In a few cases seed re- 
covered from the droppings of songbirds was given 
acid treatment and acid-plus-cold stratification. 

Cold stratification was accomplished by keeping the 
seed in moist sand from 30 to 180 days (more com- 
monly 60 to 120 days) at an air temperature of 41 
degrees F. In some cases 50 degrees F. was used 
for the stratification temperature. Peat was used in 
place of sand for one species. Warm stratification 
was similar to cold stratification except that the tem- 
peratures alternated from 68 degrees (night) to 86 
degrees (day), simulating summer conditions. The 
periods varied from 30 to 160 days although they 

7 During digestion seeds are subjected to various factors 
which may act on the seed coat. These include: abrasion, 
hydrochloric acid, enzymes, detergents (bile), bacteria, and heat. 


58 These seeds had at least 60 davs at temperatures alternating 
diurnally from 68 to 86 degrees F 
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usually were from 60 to 90 days in length. 

Duration of exposure to sulphurie acid ranged 
from 15 to 65 minutes. Concentrated acid was al- 
ways used. 


GERMINATION TESTS 


Tests were run on as large numbers of seeds as 
were available. Each pretreatment usually employed 
at least 100 seeds and sometimes as many as 840, but 
there were one or two instances where as few as 26 
seeds were available. Control sublots were invariably 
larger in quantity than those which had been fed 
experimentally. The seed used for each pretreatment 
was usually divided into four equal samples to con- 
form to good testing practice. In a few cases only 
one or two subsamples were used. Broken or cracked 
seeds were discarded. 

Since washed sand® has given excellent results as 
a testing medium in the seed laboratory at the Lake 
States Forest Experiment Station, it was used in the 
present studies. This medium supplies a more nearly 
natural environment than do the usual laboratory 
germinators. Peat was used as a germination me- 
dium for some of the tests on blueberry seed, but 
had the disadvantage of developing deep cracks in 
which some of the seeds were lost. 

Practically all of the tests were conducted in flats; 
a few on very small seed were made in petri dishes 
with sand as a medium. The temperatures generally 
used were those commonly employed at the Station to 
determine the viability of seeds which are summer 
germinators—a diurnal alternation from 68 degrees 
(night) to 86 degrees F. (day). During the period 
in which the studies were being carried on, work with 
other seed lots indicated that some species will not 
germinate well under these conditions. Consequently, 
lower temperatures were also used for the tests of 
black cherry, choke cherry, and the later ones of rose. 

The germination tests of pretreated seed were 
usually run for about 60 days; those on control seed 
were generally carried on for a much longer period. 
All were discontinued when it appeared that germina- 
tion was complete. At that time most of the samples 
were washed out of the testing medium. After a 
short period of drying, the seeds were given a cutting 
test to determine the proportion still living. During 
exposure to warm moist conditions, seeds which are 
injured, weak, or dead at the initiation of a test, 
decompose and are readily distinguishable from 
healthy seed. If an adequate sample is taken of the 
remaining ungerminated seed, the potential germina- 
tion can be readily determined. This value aside 
from providing a measure of the germinability of seed 
under optimum conditions, also serves as a base to 
which the apparent or actual germination is com- 
pared for the calculation of real germination. The 
latter value is the true measure both of the effeetive- 
ness of pretreatment and of the germination test 
and will be used henceforth in this paper except as 
otherwise noted. 


® This had a moisture equivalent of 1.81 percent. Tests were 
run at 8 te 12 percent moisture, oven-dry weight basis. 











276 
SPECIFIC FINDINGS 

In some of the earlier feeding tests data were ob- 
tained on the ratio of seeds fed to whole apparently 
uninjured seeds recovered in the droppings of pheas- 
ants and quail (see Table 2). However, neither the 
supply of fruits to be tested nor of captive birds 
was adequate to feed both species of birds with all 
seeds. Prior to the present study, there seemed rea- 
son to believe that pheasants, with their larger and 
probably more powerful gizzards, would destroy more 
seed during digestion than quail. Evidence tending 
to confirm this belief is supplied by the fact that 
of the six species of seed fed both birds, the pheas- 
ants were more destructive to four of them, but quail 
to only one. 

Seeds showing high resistance to destruction were 
those of hawthorn and carrion flower. Those with 
poor resistance were grape, meadow rose, smooth 
sumac, and barberry—all seeds, with the exception of 
barberry, with hard coats. Seeds of American bitter- 
sweet, Virginia creeper, and black locust were com- 
pletely destroyed. 

No relationship was found between the size of the 
seed fed and the proportion later recovered. How- 
ever, this may have been due to the fact that the 
variation: in size (10,400 to 69,000 clean seeds per 
pound) of those used in this phase of the study was 
not very large. 

The results of germination tests made on seeds 
which had been recovered from the droppings of sev- 
eral species of wild or captive birds and mammals 
are paired with those on control sublots in Table 3. 
Sublots used for controls on seed from captive indi- 
viduals were a part of the same collection as that 


TABLE 2. Percentage of fed seed egested in whole 
condition by pheasants and quail. 














| SeEeps | 
Species of seed Propor-| Clean 

| Re- ition re- |seeds per 
Fed | covered | covered} pound* 
| Number [Number Percent) Number 

Fed to pheasants | 
American bittersweet.| 3,750 | 0 | O | 26,000 
Smooth sumac.......| 4,460 | 0 | O | 69,000 
Common barberry....| 1,875 | 10 1 | 27,000 
Meadow rose (Minn.).| 12,075 [1,166 10 | 52,800 
Poison sumac. .-| 4,700 ]1,117 | 24 | 27,200 
Wild rose (Minn.)....| 6,300 |2,052 | 33 30,800 
Gray dogwood . 925 | 323 |. 35 | 12,600 
Carrion-flower ee Te ee an eee 
Hawthorn. . 310 310 | 100 | 10,400 

Fed to quail 

American bittersweet. 177 0 0 26 ,000 
Virginia creeper . 139 0 0 19,000 
Black locustT. . 2,300 0 0 24 ,000 
Riverbank grape. . . 813 121 15 15,200 
Meadow rose (Minn.).| 3,507 820 23 52 ,800 
Smooth sumac... 1,868 660 35 69 ,000 
Gray dogwood. . 1,987 920 46 12,600 
Poison sumac. . 3,046 (2,096 69 27 ,200 
Hawthorn. . . 502 376 75 10,400 


*Based on seed extracted from fruit of same lot but not fed 
tDry seed of this species fed. 
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fed. In the case of wild animals, seeds used for con- 
trols were obtained in the region immediately sur- 
rounding that where the droppings were collected 
and should be representative of those ingested. 
Pregermination treatments were the same for both 
fed and control seeds. However, a few additional 
ones, such as sulphuric-acid soaking with or without 
cold stratification, were sometimes used on the checks 
in an effort to determine the effect of a more drastie 
pretreatment. Where these treatments and_ those 
given to both ingested and control seed do not add 
to or nullify the results of the tests presented in the 
table, they have been omitted. For example—the 
three sublots of gray dogwood seed (pheasant-fed, 
quail-fed, and unfed) were also cold stratified for 
60 days. Since at the end of 60 days none showed 
any seedlings, these tests were not included in Table 3. 


TESTS OF SEEDS RECOVERED FROM 
BIRD DROPPINGS 


Gray DoGwoop 


The seed of this and other dogwoods is a hard 
typically two-celled stone, which contains one or two 
well-developed seeds capable of germination. This 
one- to two-seeded characteristic is the explanation 
for the odd numbers of seed used as the basis for 
the dogwood tests shown. The gray dogwood seed 
studied was collected in September 1938 and, after 
being dried at room temperature for about six weeks, 
was stored cold for several more weeks until used 
for feeding tests. At this time the control sublot 
was cleaned from its dried pulp and stored cold, as 
were the recovered stones, until tested for germina- 
tion in the late winter of 1939. Little was known at 
that time of the germination behavior of this seed, 
but it was thought likely to have both types of dor- 
maney. That sown without pretreatment gave no 
germination. That fed to pheasants and given warm- 
plus-cold stratification gave slightly better apparent 
germination than similarly treated seed which had 
been fed to quail, but neither sublot showed as good 
results as did control seed. 

The lack of benefit resulting from ingestion is 
brought out somewhat more sharply by comparing 
the real germination of quail-fed (that of pheasant- 
fed seed could not be determined) with that ot 
control seed. Whereas, only two percent of the 
germinable seeds recovered from quail actually ger- 
minated, better than a third of the control seeds pro- 
duced seedlings. 

The results not only point out that germination 
of gray dogwood seed was not stimulated by passage: 
through the birds, but also that such passage was 
more destructive than is shown by the recovery data 
(Table 2). In all the post-germination cutting tests 
made on bird-fed seed of this species, the potential 
germination values were considerably lower than 
those for control seed, mainly because of the greater: 
proportion of spoiled seeds. Evidently many of the 
seeds which were believed unharmed, had been in- 
jured during the digestive process in a manner not. 
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TABLE 3. Germination of seeds after passage through digestive tracts of birds and mammals. 
| | GERMINATION 
Seed Clean | (A pparent Period Potential; Real | Basis 
| Experi- Seeds | Last | Test | Seeds 
| mental per Pound | Pregermination | Amount | Germ.| Over | Amount | Amount | Tested 
| Animal | Number | Treatment | Percent | Days | Days | Percent | Percent | No. 
Birps | | | 
Gray Pheasant | 12,600 | None | 0.0 59 : | O 156 
dogwood | | Warm* 59 days+Coldt 60 days| 2.0 | 15 | 60 rss 156 
Quail | 13,400 | None 0.0 59 25 | O 216 
| Warm 59 days+Cold 60 days 0.5 | 22 60 | 25 | 2 216 
Control | 12,700 None } 00} .. | BO] 5&8 0 216 
Warm 59 days+Cold 60 days | 20.4 | 33 60 58 | 35 216 
Redosier Pheasant | 25,200 None 10.5 | 173 | 180 36 | 29 171 
dogwood Cold 120 days 15.8 | 46 | 60 49 32 171 
Control 26,700 None 13.9 | 180 | 180 62 22 488 
Cold 120 days 37.7 | 25 | 60 85 44 488 
Acid 60 min.+Cold 120 days 61.1 60 60 73 84 488 
Tatarian 
honeysuckle | 
(I) Robin 131 ,000 None 46.0 | 81 81 89 52 100 
Cold 90 days 95.0 | 56 81 95 100 100 
Control 122,000 None 24.5 | 81 81 82 30 400 
Cold 90 days 92.0 | 81 | 81 92 | 100 300 
(11) Robin 133 ,000 None 88.1 | 33 | 197 88 100 840 
Catbird 138 ,000 do 86.0 | 47 | 197 86 100 600 
Control 133,000 do 94.1 | 43 | 176 95 99 800 
White | a errr None 45.8 | 16 60 00 51 240 
mulberry Cold 90 days 68.8 | 20 | 45 90 76 240 
Control 347 ,000 None 34.0 | 28 60 97 35 400 
Cold 90 days 55.2 | 27 45 89 62 400 
Black cherry | Robin 3,350 Nonet 0.0 | 163 ot 82 0 100 
Cold 120 days 87.0 | 17 43 93 93 100 
Acid 30 min.+Cold 120 days 59.0 | 17 43 66 89 100 
Control 3,080 None 0.0 | 163 z 90 0 100 
Cold 120 days 61.0 | 38 43 95 64 100 
Acid 30 min.+Cold 120 days 72.0 | 30 | 43 | 95 76 100 
Choke cherry | Pheasant 4,950 Nonet 0.0 | .. | 160 19 0 54 
Cold 120 days 22.5 | 18 41 100 22 62 
Cold 160 days 10.4 | 15 29 76 14 29 
Control 4,820 None 0.0 | .. | 160 95 0 100 
Cold 120 days 40.8 | 41 41 96 43 98 
Cold 160 days |} 82.0 | 20 29 98 84 50 
Smooth a re None 4.3 | 60 60 24 18 300 
sumac Cold 60 days 3.3 | 56 60 25 13 300 
Control 69,000 None 0.7 | 26 | 60 33 2 300 
Cold 60 days 10 | 13 | 6 19 5 300 
Acid 30 min. 16.7 | 55 | 60 | 29 57 300 
; | Acid 30 min. +Cold 60 days i333 | 4 | Oo | 70 300 
Missouri Waxwing 150,000 | None 0.3 | 110 | 214 93 1 340 
gooseberry | | Cold 90 days 90.5 | 29 | 60 97 93 340 
, | Warm 90 days+Cold 90 days 71.8 | 28 34 94 76 340 
Catbird | 169,000 | None | 6.1 | 220 | 220 100 6 280 
Cold 90 days | 84.8 27 | 60 | 98 91 210 
| Warm 90 days+Cold 90 days 86.8 34 400 | 99 | 8&8 280 
Control 156,000 None 0.8 127 | 214 | 79 1 120 
Cold 90 days | 75.8 20 60 87 7 120 
Warm 90 days+Cold 90 days | 74.1 | 25 | 34 86 86 120 
Wild rose | | | 
(N. Dak.) | } | | 
(I) | Sharp-tail 45,600 | Warm 70 days+Cold 64 days | 28.5 me | oh 3s | 200 
| Control 45,700 | do | 2.0 ae ee 2 a ee eee 200 
(11) | Sharp-tail 37,800 | None§ | 14.2 | 187 | 187 | 32 44 240 
| Warm 60 days+Cold 60 days 3.8 21 60 | 8 50 240 
Control 40,600 | None§$ 8.0 | 186 | 186 | 66 12 400 
| Warm 60 days+Cold 60 days 23.8 17 60 | 57 42 | 400 
Meadow rose | Pheasant | ....... Warm 60 days+Cold 60 days | 3.0 21 | 60 47 6 | 200 
Cold 90 days |} 9.5 30 90 58 | 16 200 
Quail =i’... Warm 60 days+Cold 60 days | 7.0 19 60 50 14 200 
Cold 90 days | 3.0 14 60 66 4 200 
| Control 52,800 | Warm 60 days+Cold 60 days | 13.7 | 21 | 60 62 22 400 
Cold 90 days 1.5 7 | 60 82 2 400 
Acid 45 min.+ Warm 60 days 
| +Cold 60 days 35.6 14 60 76 7 396 
Acid +Cold 90 days 12.0 11 60 78 15 | 400 
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TaBLE 3—Continued. 
| GERMINATION 
Seed Clean ‘apparel Poi | Potential] Real Basis 
Experi- Seeds | Last | Test | s 
mental per Pound Pregermination | Amount | Germ.) Over | Amount | Amount | Tested 
| Animal Number Treatment | Percent | Days | Days | Percent | Percent | No. 
Brirps | | 
Wild rose Pheasant 37,000 None§ | 30.3 | 250 | 250 71 | 43 300 
(Minn.) Cold 90 days** | 31.0 | 160 | 160 | 66 | 47 400 
Control 30,800 None§ | 0.8 | 116 | 250 100 1 400 
Cold 90 days** ; 0.8 | B 160 95 1 400 
Blackberry Waxwing 159 ,000 None | 0.0 | | 240 50 0 40 
Warm 90 days+Cold 90 days | 0.0 | | @0 | 651 0 40 
Robin 165,000 None | 0.00 | .. | 239 | 66 0 160 
Warm 90 days+Cold 90 days | 10.0 | 41 | 59 | 60 17 160 
Catbird 160,000 None | 00 | .. |20 | & 0 200 
Warm 90 days+Cold 90 days 15.0 | 49 | 59 72 21 200 
Control 162 ,000 None 0.0 | ; | 240 | 8! 0 260 
Warm 90 days+Cold 90 days 2.3 | 2 | @ | 8&1 3 260 
Blackcap Waxwing 351,000 None 16.7 96 | 223 | 67 25 60 
raspberry Warm 90 days+Cold 90 days 55.1 43 | 43 | 55 100 49 
Control 315,000 None 24.2 | 142 = | 55 44 120 
Warm 90 days+Cold 90 days | 75.6tt| 14 ke 79 96 197 
American | 
elder g | 
(I) Pheasant 262 ,000 None 0.0 | 250 32 0 80 
Cold 150 days 00 | |. | 58 6 0 80 
Warm 60 days+Cold 150 days 5.0 | 29 | 40 41 12 80 
Control 248 ,000 None 0.0 | .. | 250 82 0 400 
Cold 150 days 4.0 | 25 | 58 67 6 400 
Warm 60 days+Cold 150 days 44.8 40 | 40 50 90 400 
(II) Robin 227 ,000 None 3.0 76 | 221 93 3 400 
Cold 90 days 62.5 60 | 60 90 69 400 
Cold 150 days 68.5 31 31 69 99 200 
Warm 60 days+Cold 90 days 89.5 26 31 90 100 400 
Catbird 237 ,000 None 4.2 | 221 | 221 88 5 400 
Cold 90 days 55.5 60 | 60 90 62 400 
Cold 150 days 73.0 31 | 31 76 96 200 
Warm 60 days+Cold 90 days 80.2 23 31 81 99 400 
Control 259 ,000 None 4.0 | 213 | 221 74 5 400 
Cold 90 days 32.8 | 52 | 60 83 40 400 
Cold 150 days 57.0 | 31 | 31 70 81 300 
Warm 60 days+Cold 90 days 77.7 | 3i | 3l 80 97 300 
Poison ivy Sharp-tail 19,200 None om | .. | 80 0 20 
Warm 71 days+Cold 64 days 70.0 | 25 | 74 | 80 88 20 
Poison sumac| Pheasant | ....... None 47.0 | 27 60 70 67 200 
Cold 60 days 80.0 | 20 | 60 80 100 200 
| es [oe eeerrye None 13.0 | 57 | 60 64 20 200 
Cold 60 days 77.0 | 13 | 60 82 94 200 
Control 27 ,300 None 1.5 | 5l 60 82 2 400 
Warm 60 days+Cold 60 days 3.2 | 21 60 82 4 400 
Cold 60 days | 28 13} me | 5 400 
Acid 30 min. \@2 i) R318) 26 297 
Acid 30 min. +Cold 60 days 94.0 | 16 60 | 9% 99 400 
Riverbank | 
grape | Nee oe, 
(I) ee) «A Aa None 0.0 | | 60 | 0 0 60 
Warm 60 days+Cold 60 days om i .. | @ | 0 0 60 
Control 15,200 None 0.4 | 42 | 6 5 8 260 
| Warm 60 days+Cold 60 days 1.5 | 20 €0 5 | @ 260 
(IT) Pheasant 17,500 | None 1.2 140 180 a4 4 80 
Cold 60 days 50.0 69 70 72 | © 80 
Cold 120 days | 46.2 60 60 75 | @& 80 
Control 16,400 None | 0.2 31 | 180 o1 | 1 400 
Cold 60 days | 56.2 31 70 94 60 400 
Cold 120 days 81.2 20 60 98 83 400 
MamMALs | 
Wild | Bear 111,000 None 0.0 90 92 0 400 
sarsaparilla Cold 90 days 0.0 = 60 SS 0 400 
Warm 31 days+Cold 90 days 0.2 15 60 a 1 400 
Control{t 85,000 None 0.0 63 eo |. 2 400 
Warm 63 days+Cold 60 days 10.8 50 60 66 | 16 400 
| old 60 days j d 
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TABLE 3—Continued. 
| | GERMINATION 
Seed | Clean | |A pparent Period | Potential) Real Basis 
Experi- | Seeds | | Last | Test | | Seeds 
mental | per Pound | Pregermination | Amount | Germ.) Over | Amount | Amount | Tested 
| Animal | Number | Treatment Percent | Days | Days | Percent | Percent | No. 
MammMALs | | | | | 
Red | E. Chip- 303,000 | None 21.8 | 206 | 217 ey So oo 
raspberry | munk | Warm 90 days+Cold 90 days 82.5 | 37 | 37 86 | 96 | 400 
W. Chip- | 328,000 | None 28.6 | 167 | 217 54 53 | 28 
munk | Warm 90 days+Cold 90 days 71.4 14 37 71 100 28 
Deer | 316,000 | None 23.0 | 209 | 217 54 | 4438 =| = «(100 
Mouse | | Warm 90 days+Cold 90 days 73.0 17 37 | 77 | 95 | 100 
Control | 330,000 | None es |\t7 itz i. i . | ea 
| Warm 90 days+Cold 90 days 91.2 37 37 | 97 | 94 | 400 
Blueberry 
(I) i i ee None | 48.0 | 111 120 | 400 
munk Cold 60 days | 31.2 90 90 400 
i ah eee None | 13.2 86 | 120 | 400 
munk Cold 60 days | 19.0 90 90 | | 3 
Deer renth None | 40.8 | 102 | 120 | | 400 
Mouse | Cold 60 days | 38.8 | 116 | 122 | 299 
Control 2,147,000 None | 53.9 111 120 | 399 
Cold 60 days | 63.< 130 | 130 | 398 
Blueberry | 
(I) a eee None | 11.0§§} 91 | 91 | 700 
Cold 30 days | 45.2 | 90 90 | 500 
Cold 60 days | 32.8 | 108 | 108 | 700 




















*Indicates stratification at diurnal alternations of 68 to 86° F. (air temperature). 


tIndicates stratification at 41° F. (air temperature). ‘ 
tAll black cherry and choke cherry tests germinated at 50° (night) to 77° 
§Germinated at 41° F. 

**Germinated at 50° F. 


. (day). 


ttDoes not include seedlings which were not dormant and germinated during the 90 days of warm stratification. 
ttThis sublot consisted of seed collected during the same year and from the same general area. 


§§Germination values for all treatments based on combined averages for sand an 


visible to the naked eye. Additional evidence of the 
severe treatment undergone by the seed during diges- 
tion is supplied by the fact that seed recovered from 
quail was almost 6 percent lighter than the check. 

Although the control seed showed much better 
germination, the data presented (as does also that 
not included in the table) clearly reveal that the 
optimum pregermination treatment had not been used 
in the tests. Subsequent studies with unfed lots 
show that gray dogwood seed definitely has double 
dormancy, and higher real germination can be ob- 
tained if the 60 days of warm stratification are fol- 
lowed by a much longer period of cold treatment. 
To date, however, no pretreatment has been worked 
out which results in complete germination of this 
species. Until the optimum treatment is known, it 
will be difficult to measure the full effect of ingestion 
by birds on the germination of this seed. 


Reposier DoGwoop 


The sample of this seed was collected in the au- 
tumn of 1940 and stored in the dried fruit at room 


temperature’’ unti! fed to pheasants in the spring 
of 1941. The recovered droppings, unlike those of 


most of the other species studied, were dried at room 
temperature and stored until July of that year at 
which time the seed was recovered and sown. That 
of the control sublot was also extracted and tested 
at that time. 


_ 1° Storage at such temperatures is not the best practice but, 
in this case, it apparently had no detrimental effects. 





d peat media. 


Seed of this species is appreciably smaller than 
that of gray dogwood. The sublot fed to pheasants, 
for some reason—possibly due to the small size of 
the sample recovered—ran about six percent heavier 
than the control. 

Seed which had been eaten by pheasants showed 
somewhat better germination than control seed with- 
out pretreatment (29 versus 22 percent) but poorer 
germination when given 120 days of cold stratification 
(32 versus 44 percent). 

This inconsistency of behavior coupled with the 
fact that the potential germination of pheasant-fed 
seed was much lower would suggest that passage 
through birds was of no benefit to this seed but was 
probably harmful. Here, as in the case of gray dog- 
wood, it must be concluded that the seed suffered more 
injury during the digestive process than was apparent 
to the naked eye. 

Treatment of control seed with sulfphurie acid 
plus cold stratification gave almost complete germina- 
tion showing that the seed has double dormancy 
(since confirmed by tests on other lots). Cold strati- 
fication alone, therefore, cannot be depended upon to 
induce complete germination in redosier dogwood 
seed. Although the grinding in the gizzard had been 
thought to be similar in its effect on the seed coat to 
etching by acid, the findings do not bear this out. 
Possibly the seeds in the gizzards received a less uni- 
form treatment than those soaked in acid—some seeds 
being severely abraded and thus injured, others being 
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so slightly ground that their seed-coat dormancy was 
not broken. 


TATARIAN HONEYSUCKLE 


This shrub used both for ornamental and shelter- 
belt purposes was included because its fruit is a berry 
commonly eaten by birds during July and early Au- 
gust. Its germination behavior is rather variable 
and needs further study. Some seeds in a given lot 
germinate without pretreatment while others appear 
to have seed coat, internal, or both types of dormancy. 

Tests were run on two lots of seed. In the first, 
seeds recovered from the fresh droppings of wild 
robins were sown without further treatment and also 
given cold stratification for 90 days. That which the 
robins had eaten showed considerably better germina- 
tion than control seed when sown without pretreat- 
ment, but when stratified this advantage disappeared. 
Its germination, however, was considerably more 
rapid than that of control seed. Apparently some 
of the seeds in this particular lot had seed-coat dor- 
maney which was broken by passage through the 
digestive tracts of the robins, while others judging 
from the control would have germinated without such 
treatment, and still others had to have a simulation 
of winter temperatures to overcome their internal 
dormancy. Seeds in the first category would germi- 
nate soon after passage through the birds but without 
such treatment would probably lie on the ground until 
the next spring. Germination soon after egestion 
might or might not be of benefit to the species de- 
pending on how much the new seedlings had hard- 
ened off before winter temperatures set in. 

The second test was carried on with a robin and 
a eatbird, both in captivity, which were fed the fresh 
berries. Seed recovered from the robin showed com- 
plete germination in 33 days compared to 43 days 
required for full germination of control seed and 47 
days for that fed to the catbird. Seed of all sublots 
was given cold stratification (not shown), brt such 
treatment gave full although much less rapid germi- 
nation. 

Judging from the results of both tests, robins in 
addition to dispersing the seed of this species put 
much of it in such a condition that it can germinate 
readily. No data were obtained on the number of 
seeds which may have been destroyed during the 
digestive process, but it appears from the potential 
germination value of the second test that there is a 
small amount of injury to the seed. 

In one test, seed eaten by robins was 7 percent 
lighter than control seed; in the other it was of sim- 
ilar weight, whereas that fed to the catbird was about 
4 percent lighter. 

WHITE MULBERRY 

The small seed of this fruit, which is also a favorite 
food of birds, has a rather hard bony coat. Judging 
from earlier tests, dormancy in white mulberry is 
variable. A given seed lot may thus show all three 
types of dormancy as well as nondormant seeds. That 
collected from the droppings of wild robins showed 
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more complete and also more rapid germination than 
control seed picked from the same tree, both when 
sown without pretreatment and when stratified. When 
the seed recovered from the robins was sown without 
treatment, some of those possessing seed-coat dor- 
maney germinated as well as those which were not 
dormant. After stratification, the nondormant seeds 
(35 percent) plus some of those with seed-coat dor- 
maney alone (14 percent), plus those with internal 
dormancy alone (27 percent) germinated.” Appar- 
ently the digestive process in robins is not drastic 
enough to overcome seed-coat dormancy in all the 
seeds which have this alone or in combination with 
internal dormancy. On the other hand, 15 minutes 
of sulphuric acid treatment with and without strati- 
fication (not shown in Table 3) is too drastic a seed- 
coat treatment, for it reduced the potential germi- 
nation of the control seed to 16 and 44 percent 
respectively. 
Buack CHERRY 


Seed of this species consists of a thick-walled stone 
containing a single kernel or true seed, and usually 
appears to have both types of dormancy. The studies 
reported were made on stones recovered from the 
droppings of a captive robin. These were germinated 
both with and without pretreatment under two tem- 
perature conditions—diurnal alternations of 68 to 86 
and of 50 to 77 degrees F. Since the former tem- 
perature range gave uniformly poorer results, its 
tests are not included in the table. 

Seeds which had passed through the robin had 
much higher and more rapid germination after pro- 
longed cold stratification than control seeds. How- 
ever, when such treatment was preceded by soaking 
in sulphurie acid for 30 minutes, the apparent germi- 
nation of the robin-fed seed was markedly reduced 
whereas that of control seed was improved. This, in 
conjunction with the fact that robin-fed stones were 
9 percent lighter, suggests that the treatment under- 
gone by the seed during the digestive process must 
have reduced the thickness of the bony pericarp 
{seed coat). Such a reduction would enable the seed 
to germinate better after stratification but would 
likely prove harmful if acid treatment were added. 
Further weight is given to this concept by the fact 
that the potential germination of robin-fed, acid- 
treated seed was much lower than that of control seed 
similarly treated. And, this reduction in potential 
germination is due to the presence of spoiled seeds 
and not to the chance occurrence of an abnormal 
amount of empty seeds. Apparently the acid pene- 
trated through the thinner coats and killed the seed 
which subsequently decomposed during the germina- 
tion test. 

CHOKE CHERRY 


This seed, although apparently similar in structure 
to that of the preceding species, does not have double 


11 Determined as follows: 35 percent is the germination of 
control seed without pretreatment; 14 percent is the difference 
between the germination after stratification of control seed and 
that ingested by robins; 27 percent is the difference between 
the germination of stratified and unstratified control seed. 
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dormancy. Like black cherry it was found to germi- 
nate better at an alternation of cold night (50 de- 
grees) and warm day (77 degrees F.) temperatures. 
Tests were also made at alternations of 68 to 86 de- 
grees F. and at constant temperatures of 41 and 50 
degrees F., but the results were consistently poorer 
and are hence omitted from the table. 

Apparently passage through pheasants had a dele- 
terious effect on the seed, for the germination of all 
seed so treated was consistently lower than that of 
the corresponding controls. 

Pheasant-fed seed, although handled in the lab- 
oratory just like the control sublot with which it 
was comparable, had a moisture content (oven-dry 
weight basis) when sown of 7.5 percent compared to 
10.8 percent for the control. The reason for this low 
moisture content which may have approached the 
lethal point for this species is unknown. Possibly 
since choke cherry seed does not have seed-coat dor- 
mancy and is thus more or less permeable to water, 
any reduction in the thickness of its coat, such as that 
occurring in the gizzards of the birds, might have 
allowed it to desiccate more rapidly in the 4-day 
drying period in the laboratory than seed which had 
not been fed to the pheasants. At any rate this 
seed with a permeable coat was not benefited by 
passage through pheasants but instead was harmed, 
although some were evacuated in a germinable con- 
dition. 


SmootH Sumac 

The thin-fleshed fruit of this species contains a 
hard bony seed which might be expected to have at 
least seed-coat dormancy. Seeds recovered from 
captive quail were tested for germination without 
pretreatment and following cold stratification. In 
both types of treatment germination of the fed sub- 
lot was appreciably higher than that of control seed, 
indieating that the grinding action within the gizzard 
of the quail was beneficial. However, quail-fed seed 
did not show as high germination as that which had 
been acid treated or that given acid-plus-cold strati- 
fication. The latter treatment showed the highest 
germination, indicating that at least some seeds had 
double dormancy, and also that the action within the 
digestive system of quail is not as effective as acid 
treatment. 

The various sublots were found to be more or less 
heavily infested with chaleid fly larvae when post- 
germination cutting tests were made. This fact un- 
doubtedly explains the low potential germination 
values obtained. 

Missour! GOOSEBERRY 

Atlhough the rather small seeds of this species 
have relatively thin coats, they were believed to have 
double dormancy and hence were considered to be a 
good subject for feeding studies. Fresh fruit was 
fed to a catbird and a waxwing, both in captivity. 
Seed of the three sublots was germinated without 
pretreatment, after cold stratification, and after 
warm-plus-cold stratification. Comparison of germi- 
nation values reveals that the bird-fed seed generally 
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showed slightly better germination than unfed seed 
and also that the seed apparently has only internal 
dormancy. Because of the absence of seed-coat dor- 
mancy, the digestive processes could not be expected 
to be of much benefit to germination. 


Wi.p Rose 

Several tests were run on wild rose seed, including 
two lots of an unidentified species eaten by wild 
sharp-tailed grouse in North Dakota; one lot of 
meadow rose fed to both captive pheasants and quail, 
and another of an unidentified species from south- 
eastern Minnesota also fed to captive pheasants. 
This seed is strictly an achene with a very bony 
pericarp. 

The first test on seed extracted from sharp-tail 
droppings showed that the treatment afforded during 
ingestion greatly benefited the apparent germination. 
Somewhat less benefit is shown by the second lot of 
North Dakota seed, although this is not evident un- 
less the two sublots are compared on the basis of 
real germination. All treatments of seed eaten by 
grouse in test II showed much lower potential germi- 
nation than did control seed. This situation may 
have been due in part to the injury by the birds 
during the digestive process and in part to the fact 
that the two sublots were not comparable’’ with re- 
spect to proportion of germinable seed. However, 
those seeds which were not injured during digestion 
had their germination benefited. It appears that the 
seed of this lot had double dormancy and that the 
seed-coat phase of it was overcome to a great degree 
by passage through the birds and by warm stratifi- 
cation in the contro] sublot. 

Tests with meadow rose seed were somewhat con- 
flicting. When the seed was given warm-plus-cold 
stratification, the control lot showed the best germina- 
tion, but when it was cold stratified, the pheasant-fed 
lot was definitely superior. By far the best germina- 
tion, however, was obtained from unfed seed which 
had been given acid treatment prior to warm-plus- 
cold stratification. These facts together would indi- 
eate that neither the bird treatment nor the warm 
stratification were as effective as sulphurie acid in 
overcoming seed-coat dormancy in this particular lot. 

The most striking evidence of improvement in the 
germination of rose seed by passage through gallina- 
ceous birds is provided by the tests made on seed 
collected in Minnesota and fed to pheasants. Only 
two treatments are shown; the others, conducted at 
higher germination temperatures, showed so much 
lower germination that they are not included. Since 
the germination took place over such a long period 
of time, and since it was far from complete, obviously 
the optimum germination technique was not used for 
this rose nor for the other three lots studied. This 
may have been caused by improper pregermination 
treatment, germination temperature, or a combination 
of both of these factors. Nevertheless, it is clear that 

12 Cutting tests made before germination was initiated showed 
that the bird-fed sublot had a higher proporticn of empty seeds 


than the control, although the latter was collected from nearby 
bushes. 
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the pheasants played an important role in overcom- 
ing much of the seed-coat dormancy in this particular 
lot of seed. Many seeds which passed through the 
digestive tracts presumably uninjured were harmed 
judging from their lower potential germination. Addi- 
tional evidence of the drastic nature of this treatment 
is supplied by the fact that the pheasant-fed seed 
was 20 percent lighter after recovery than the control 
sublot, although both were from the same original 
lot of fruit and showed very similar cutting tests 
before the germination studies were begun. 


BLACKBERRY 

This fruit, an aggregate of drupelets, each contain- 
ing a small hard seed, was fed in fresh condition to 
a waxwing, robin, and catbird, all in captivity. The 
seed apparently has double dormancy for cold strati- 
fication alone (not shown in Table 3) gave only one 
seedling out of a total of 660 seeds sown. Warm- 
plus-cold stratification gave some germination, but 
either the pretreatment or the germination temper- 
ature (or both) was not optimum. Nevertheless, seed 
which had been fed to the robin and the catbird gave 
appreciably higher germination than the check. The 
waxwing had no such beneficial effect. Seeds recov- 
ered from all three birds showed a lower potential 
germination than control seed. 


BuacKcAaP RASPBERRY 


This seed is much smaller than that of blackberry 
but was not as difficult to germinate. Germination 
tests showed that many seeds have embryo dormancy 
and many others double dormancy. The best pre- 
germination treatment used was warm-plus-cold strati- 
fication. Control seed, when sown without pretreat- 
ment, showed better germination than that recovered 
from a waxwing. This advantage disappeared, how- 
ever, when the seed was given warm-plus-cold strati- 
fication. 

Bird-fed seed was 11 percent lighter than control 
seed indicating that the seed coats must have been 
severely abraded during the digestion. 


AMERICAN ELDER 


The fruit of this species contains three to five small 
one-seeded nutlets or stones with hard coats. One 
lot of dried berries about seven or eight months old 
was fed to eaptive pheasants, and another lot of 
fresh fruit fed to captive songbirds. Seed of the 
first lot showed pronounced double dormancy which 
was almost entirely broken by warm-plus-cold strati- 
fication. Sixty plus 120 days would appear to be 
the right length of treatment; 60 plus 150 days is too 
long for much of the seed begins to germinate in 
the cold room after about 120 days of cold stratifica- 
tion. Feeding such seed to pheasants proved of no 
benefit but was probably harmful. Not only was the 
real germination very much lower than that of control 
seed, but many of the seeds which were recovered in 
a supposedly uninjured condition must have been 
harmed in some manner that was not evident to the 
naked eye. Possibly this happened during the three- 
month period in which this seed was stored in the 
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droppings, although the grinding action of the giz- 
zards must have had some effect on the seed coats for 
pheasant-fed seed was six percent lighter than the 
check sublot. 

Freshly collected seed did not show as pronounced 
dormancy as that from dried fruit. All sublots 
showed small amounts of germination without pre- 
treatment, but germination of the bird-fed seed after 
90 days of cold stratification was much higher than 
that of control seed. The former showed essentially 
complete germination after 150 days of cold stratifi- 
cation, but contro! seed showed such response only 
when this pretreatment was preceded by a period of 
warm temperatures—a treatment which was of no 
benefit to the bird-fed seed. 

From this behavior it appears that the digestive 
processes of the robin and the catbird had much the 
same effect on elder seed as warm stratification; 
that is, making the seed coat permeable so that it can 
absorb the necessary moisture to permit after- 
ripening at low temperatures. However, although 
the table shows that the warm-plus-cold treatment 
gave similar results with bird-fed seed as 150 days 
of exposure to cold and, therefore, might be consid- 
ered equally good (150 days total time in both cases), 
it should be pointed out that such prolonged strati- 
fication was not needed. At the time the three flats 
were removed from stratification, an average of 18 
percent of the bird-fed seeds had germinated com- 
pared to none in the control. A period somewhere 
between 90 and 120 days would appear to be suffi- 
cient to overcome embryo dormancy in fresh seed 
which had been fed to these birds. Further proof 
that a shorter period of cold treatment is just as 
satisfactory was shown by the sublots which were 
scheduled for warm and cold stratification for 60 
plus 150 days. On the 122nd day when the flats 
happened to be examined (when it began is not 
known) bird-fed seed showed 35 percent germination 
in the cold room, whereas control seed showed only 
3 percent germination at that time. 


Porson Ivy 


About 20 seeds of poison ivy were recovered along 
with those of rose and western snowberry from the 
droppings of sharp-tails collected in North Dakota. 
Good germination was obtained after the seed had 
been exposed to both warm and cold temperatures. 
Unfortunately no controls were run. 


Porson SuMAc 


Dried drupes of this species were fed to both eap- 
tive pheasants and quail. As the behavior of control 
seed shows, this seed had a combination of seed-coat 
and embryo dormancy. Warm stratification for 60 
days, followed by cold stratification for 60 days did 
not break the dormancy, but treatment with sulphuric 
acid prior to cold stratification gave complete ger- 
mination as did also the bird-fed seed which had 
been cold-stratified. 

Pheasant-fed seed which was sown without any 
further treatment showed a much higher germination 
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than quail-fed seed, and both were much higher than 
unfed seed. Even acid treatment alone was not as 
effective as pheasants in overcoming the dormancy. 
Seed which was fed to the two birds and then strati- 
fied showed complete germination compared to the 
very low results obtained from control] seed similarly 
handled. These findings emphasize the important role 
of these birds and possibly other species in prepar- 
ing poison sumac for ready germination. For ex- 
ample, seed which is eaten by pheasants and quail 
and voided in the autumn and winter months could 
be expected to germinate the following spring, 
whereas that which falls to the ground naturally 
would lay over to the second spring and _ possibly 
longer without germinating. 

Not all the seeds eaten by the birds would, of 
course, germinate for there is considerable loss dur- 
ing digestion (Table 2), and apparently some of the 
recovered seeds (judging from their lower potential 
germination) are also injured. 


RIVERBANK GRAPE 

Two series of tests were carried on with the dried 
fruit of this species—a berry containing one to four 
hard seeds. The first in which only 120 seeds were 
recovered from quail was quite inconclusive since 
the seed sample studied proved to be of very low 
quality. 

The other lot which was fed to pheasants was of 
much higher quality. The results, however, were 
somewhat conflicting. In two pretreatments, pheas- 
ant-fed seed showed somewhat better but slower ger- 
mination than contro] seed, but in that cold stratified 
for 120 days the control sublot showed the better 
results. Pheasant-fed seed was apparently harmed 
during the digestive process or possibly later, as it 
was stored in the dried droppings for three months 
before extraction and testing. Apparently the seed 
had undergone considerable abrasion as it was about 
seven percent lighter than the control. 


TESTS OF SEEDS RECOVERED FROM 
MAMMAL DROPPINGS 


WILD SARSAPARILLA 

Seed of this species, a hard crustaceous nutlet con- 
taining a thin-coated seed, was recovered from the 
dropping of a wild black bear. It was given various 
pretreatments but with little success (Table 3), al- 
though its potential germination was high. Tests on 
a lot collected in the same general locality and used 
for the control yielded a few seedlings, and indicate 
that sarsaparilla seed has double dormancy. Since 
the real germination was considerably less than the 
maximum (100 percent), it is apparent that the 
proper pretreatment has yet to be worked out. Cold 
treatment alone is probably not enough, for neither 
the control seed nor that recovered from the bear 
showed any germination when given cold stratification 
for 60 to 90 days. Probably longer periods of warm 
stratification would have speeded upon the germina- 
tion of the seed, but the small number of seeds avail- 
able prevented tests along these lines. Although it 
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is not possible to determine whether passage through 
the bear was of benefit, the potential germination of 
this seed is high enough to indicate that it was not 
harmed in any way. Bears can, therefore, be consid- 
ered as valuable agents in the dissemination of sarsa- 
parilla seed. 

Rep RASPBERRY 

This seed, which is similar in size, structure, and 
in germination behavior to that of the blackeap rasp- 
berry, was recovered from the droppings of captive 
chipmunks and a deer mouse. Tests on the check 
sublot showed that some seeds have double dormancy 
which can be broken by warm-plus-cold pretreatment. 
Cold stratification alone (not shown) was not enough 
since it gave about the same results as no pretreatment. 

Seed fed to the chipmunks and the deer mouse and 
sown without pretreatment gave much lower apparent 
germination than control seed. (Real germination 
was not determined in all cases.) When sown after 
warm-plus-cold stratification, howeve’, the real ger- 
mination of the fed seed was somewhat higher than 
that of the control sublot. The potential germination 
of fed seed, however, was generally lower. It can, 
therefore, be concluded that although the germinabil- 
ity of this seed is reduced somewhat by passage 
through these animals, much is not injured and can 
germinate as readily as seed which is uneaten. The 
importance of these animals in dispersing viable 
seeds of red raspberry is, therefore, readily evident. 

BLUEBERRY 

Two series of tests were run on the very small 
seed of blueberry—one on that recovered from chip- 
munks and a deer mouse which had been fed the 
fresh fruit while in captivity, and the other on that 
recovered from the droppings of the bear mentioned 
above. 

Some sublots of test I, which were run in sand in 
petri dishes, showed better germination when sown 
without pretreatment and other sublots when cold 
stratified. In all cases germination of stratified seed 
was slower. None of the seed fed to the rodents 
germinated as well as did the checks. Still a sizable 
percentage of the seed passed through in a germinable 
condition, indicating that these three rodents may 
play an important part in the dispersal of blueberry. 
For some unknown reason seed recovered from the 
western chipmunk showed poorer germination than 
that from its larger eastern relative. No post- 
germination cutting tests could be made on any of 
this seed because of its small size (2,147,000 per 
pound). Real germination, therefore, could not be 
calculated. 

No seed was available for a control test on the 
blueberry seed recovered from the bear; hence, it 
is not known what effect such passage had on the 
germination of this seed. It is evident, however, that 
an appreciable amount of that egested can germinate, 
thus testifying to the importance of this much- 
traveled animal, an avid eater of blueberries, in dis- 
seminating its seed. 
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TESTS SHOWING NO GERMINATION 


In addition to those species of seed listed in Table 
3, tests were conducted on that of hawthorn fed as 
dried fruit to pheasants and quail, creeping snow- 
berry fed fresh to a chipmunk and a deer mouse, and 
western snowberry from the droppings of sharp- 
tails. Although rather lengthy periods of cold strati- 
fication and warm-plus-cold stratification’* were em- 
ployed (even acid in the ease of hawthorn), no ger- 
mination was obtained from either fed seed or control 
seed of any of these species.** Post-germination cut- 
ting tests showed the seeds of all species to have 
medium to high potential germination. The failure 
to get germination will, therefore, have to be charged 
against improper pretreatment or germination tem- 
peratures. If no evidence can be cited as to germina- 
tion benefit resulting to these seeds from passage 
through the animals listed, it is at least clear that 
they do void them in a sound germinable condition 
and thus should play a part in their dispersal. 


SUMMARY AND CONCLUSIONS 


Fresh or dried fruit of common barberry, Ameri- 
ean bittersweet, gray dogwood, redosier dogwood, 
hawthorn, tatarian honeysuckle, Virginia creeper, 
choke cherry, black cherry, smooth sumac, Missouri 
gooseberry, black locust (seed), rose, blackberry, 
blackcap raspberry, American elder, carrion flower, 
poison sumac, and riverbank grape was fed to ring- 
necked pheasants, quail, a ecatbird, a robin, and a 
cedar waxwing in captivity, and the visibly sound 
seeds recovered from the droppings. Similarly, seeds 
of creeping snowberry, red raspberry, and blueberry 
were extracted from the droppings of captive chip- 
munks and a deer mouse. Those of tatarian honey- 
suckle, white mulberry, rose, western snowberry, and 
poison ivy were recovered from the droppings of 
wild robins and sharp-tailed grouse, and of wild 
sarsaparilla and blueberry from the seats of a wild 
bear. 

After extraction the seed was weighed to deter- 
mine number per pound, and then tested for ger- 
mination in sand flats, usually at controlled temper- 
atures alternating from 68° (night) to 86° F. (day). 
A small number of tests were made using peat as a 
medium, and others were run at temperatures alter- 
nating from 50° to 77° F. Most lots of seed were 
given (1) cold stratification to overcome possible 
internal dormancy, and (2) no pretreatment. Control 
sublots were handled in the same manner, and in 
addition were given pretreatments, such as soaking 
in sulphuric acid and warm-plus-cold stratification, 
to break any seed-coat and double dormancy. At the 
conclusion of each germination test, a cutting test 
was made of the ungerminated seeds to find how many 
were still viable. The potential germination thus ob- 
tained was divided into the actual or apparent 
germination to give real germination. The latter 

13 A period of 412 days in the case of western snowberry, 
during which time the seed was alternated several times be- 


tween warm and cold stratification. 
14In creeping snowberry, one seed germinated of the 3,400 


tested. 
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value has been used as the measure of the effect of 
ingestion in all but a few cases. 

The findings with individual species of seeds were 

as follows: 

1. Seeds of redosier and gray dogwood suffered 
considerable injury during passage through 
pheasants and quail. Those that passed un- 
injured poorer germination than did 
control seeds. 

Seed of tatarian honeysuckle recovered from 

the droppings of robins was unharmed and 

its germination improved by the digestive 
process. That fed to a catbird was neither 
benefited nor harmed. 

3. Very little injury had occurred to seed of 
white mulberry egested by wild robins, but 
its germination was considerably increased. 

4. Seed of black cherry showed a slight reduction 
in potential germination after feeding to a 
robin, but the germination of the viable seed 
passed was definitely improved. 

5. Choke cherry seed was not only greatly harmed 
after ingestion by pheasants, but germination 
of the sound seed recovered was also much 
poorer than that of control seed. 

6. The germination of smooth sumac seed was 

improved by the digestive action in quail. 

Seed of Missouri gooseberry was not injured 

and its germination was slightly improved after 

ingestion by a catbird and a cedar waxwing. 

8. That of wild rose recovered from the droppings 
of wild sharp-tailed grouse and of captive 
pheasants showed considerable loss in ger- 
minability. However, seeds which had passed 
unharmed were greatly benefited in germina- 
tion. Meadow rose seed fed to pheasants and 
quail showed similar injury, but the germina- 
tion of its sound seed was not consistent. 

9. Seed of blackberry was reduced in potential 
germination by digestive action of a robin, a 
eatbird, and a cedar waxwing. Uninjured 
seeds recovered from the robin and catbird 
were definitely improved in germination, but 
that from the cedar waxwing was not benefited. 

10. Blackeap raspberry seed egested by a cedar 
waxwing was apparently unharmed; its ger- 
mination showed inconsistent results. 

11. That of American elder from dried fruit fed 
to pheasants suffered a great amount of in- 
jury, and sound seeds showed poorer germina- 
tion than the controls. Seed of fresh fruit 
recovered from the droppings of a robin and 
a catbird not only showed no injury but also 
that germination had been greatly benefited. 

12. Seed of poison ivy evacuated by wild sharp- 
tailed grouse gave excellent germination. 

13. Poison sumae seed had a slight loss in poten- 
tial germination following passage through 
pheasants and quail, but the germination of 
sound seeds was greatly improved. 
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14. Tests of riverbank grape seed showed that the 
digestive action in pheasants and quail not 
only resulted in considerable injury to the 
seed, but also had no consistently beneficial 
results on that which passed through unharmed. 
A test of sarsaparilla seed recovered from 
bear scats showed very little actual but high 
potential germination, thus suggesting that 
bears play an important role in the dissemina- 
tion of this species. 
16. The potential germination of red raspberry 
seeds was reduced by feeding to chipmunks 


—_ 
Ss 


and a deer mouse. However, sound seeds 
showed fully as good germination as _ the 
controls. 


17. Blueberry seed showed reduced germination 
after passage through chipmunks and a deer 
mouse. However, since many such seeds ger- 
minated, the role of these rodents as dis- 
seminators of this species is demonstrated. 
Post-germination cutting tests of hawthorn 
seed recovered from pheasant and quail drop- 
pings, creeping snowberry from a chipmunk 
and a deer mouse, and western snowberry from 
sharp-tails showed medium to high potential 
germination. Although it is not known how 
much effect these birds and mammals have on 
the germination of these seeds, they do pass 
at least some of them in a germinable state 
and hence must play a part in the dispersal 
of these species. 

On the basis of these experiments, the following 

conclusions ean be drawn: 

1. Some seeds of all but three species were voided 
from the digestive tracts of the birds and 
mammals studied in an apparently sound con- 
dition. Exceptions were the somewhat hard 
seeds of black locust and Virginia creeper, 
and the soft seeds of American bittersweet 
which were completely destroyed by the diges- 
tive processes of pheasants and quail. 

2. Although many of these presumably sound 
seeds egested by birds had been injured and 
could not germinate, many others not only 
were unharmed but also had been placed in a 
more readily germinable condition. 

3. Seeds in which germination was so benefited 
judging from the behavior of unfed sublots, 
have seed-coat dormancy. Their better ger- 
mination after ingestion is apparently due to 
the “thinning” of the seed coats by abrasion 
within the gizzard in possible combination 
with gastric juices and bacteria, thus making 
them more permeable to water and perhaps 


] 


- 


oxygen. 

4, Evidence of the reduction in the thickness of 
the seed coat is furnished by the fact that in 
five lots, the recovered seed was 6 to 20 per- 
cent lighter than control seed. 
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5. In a few species germination of sound seeds 
was definitely poorer after passage through 
the digestive tracts of birds. 

6. In other species the potential germination of 

bird-fed sublots was appreciably higher than 

that of control seed. This is believed due to 
the elimination of the empty seeds by the 
grinding action of the gizzards. 

Although none of the seed recovered from 

mammal seats appeared to have benefited from 

the digestive action, much of it was still ger- 
minable. Since the animals studied consume 
considerable quantities of these fruits, their 
importance at least as agents of seed dispersal 


ae 


is obvious. 

8. Although passage through the digestive tracts 
of birds is defintely beneficial to the germina- 
tion of many species of seeds, such passage is 
not as effective in overcoming seed-coat dor- 
maney in some species as the artificial method 
of treatment with sulphurie acid. 

In eight out of sixteen species of seed tested 
after recovery from bird droppings, germina- 
tion was definitely improved. It is, therefore, 
clear that in these species, and doubtless in 
many others, consumption of their fruit by 
birds not only assures dispersal of the seed, 
but due to the improved germination also in- 
creases the chances of seedling establishment. 
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